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At present, most of the literature focused only 
on the isotropic eutectoid growth process, with 

less research on the eutectoid nucleation process and 
anisotropy. In the previous study, Zhang, et al. [1] 
proposed a cooperative nucleation model, but did not 
consider anisotropy for the eutectoid growth. However, 
in studies by Zhi [2] and Miyamoto [3], it was found that 
eutectic and eutectoid growth process does include 
anisotropy.

As early as the 1950s, Smith [4] studied the orientation 
of ferrite nuclei at the austenite grain boundary, and 
it was observed that the ferrite nuclei have a certain 
relationship with the orientation of austenite grains. 
Guo et al [5] studied the kinetics and crystallography 
of the complex sedimentary surface nucleation of 
the intergranular pearlite in Fe-Mn-C, and found that 
the incoherent MnS in the austenite cannot be strong 
nucleation position of pearlite, unless the transition time 
is extended. There is no special orientation relationship 
between lamellar ferrite and austenite matrix, but there 
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is a Pitsch-Petch orientation relationship between the 
ferrite and cementite of pearlite. Furuhara et al. [6] added 
a small amount of S,V and N to Fe-2Mn-(0.13, 0.2) C, 
and analyzed the effect of intergranular inclusions or 
precipitates on the kinetics of ferrite transformation at 
temperatures between 973-823 K and the orientation 
relationship between the inclusion and austenite, 
ferrite was obtained by similar experiments [7]. The 
phase concentration, dislocation density of austenite 
and ferrite/bainite/ martensite, lattice distortion and 
interstitial carbon atoms in austenite were investigated 
by Wixess et al. [8] using X-ray diffraction techniques. 
The lattice distortion and the gap between the carbon 
atoms will affect the anisotropy of the phase. The 
phenomenon of ferrite nucleation on non-metallic 
inclusions was observed by Cheng et al. [9]. When the 
ferrite is at an elevated temperature, it presents an 
isolated island. The discoid ferrite is derived from the 
nucleation of the ferrite on the inclusions. It associated 
with the larger degree of subcooling, and with the parent 
austenite into a fixed orientation of growth. In 2010, 
Cheng et al. [10] observed the nucleation phenomenon of 
ferrite in the surface, edge and corner of the austenite 
grain boundary, and analyzed the mechanism of ferrite 
nucleation under three-dimensional morphology. 
When ferrite nucleated on the boundary surface of 
austenite grains, most of the ferrite nuclei were flat 
ellipsoid, some of which are plate-like or pyramid-
like. When they nucleated on the edge of the grains, the 
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morphology presented triangular pyramid or triangular double 
cone. When the nucleation position is at the corner of the grain 
boundary, it shows irregular shape. In 2013, the nucleation 
of ferrite and the three-dimensional kinetics of ferrite from 
austenite in low-carbon micro-alloyed high-strength steels 
were studied systematically by high temperature confocal laser 
microscopy, hot-pressing and electron backscatter diffraction 
experiments. Then Cheng et al. [11] used continuous interface and 
computer aided technology to reconstruct the three-dimensional 
morphology of ferrite, and found that the anisotropy of ferrite 
can be obtained from its 3D morphology. Wang et al. [12] studied 
the interfacial structure with Bagaryatsky orientation of ferrite/
cementite by approximating the repositioned lattice simulation. 
When the ferrite/cementite crystal orientation presents a specific 
relationship, the structural steps and mismatched dislocations 
can be formed on the interface, but this step is not an intrinsic 
structure and has no specific size,so the two-phase interface 
can be fluctuated within a certain range. This causes the ferrite/
cementite to have no macroscopic habitat. This phenomenon is 
conducive to bending growth of pearlite lamellar structure.

All of the above studies, both in terms of nucleation 
mechanism and orientation relationship, relate to the anisotropy 
of ferrite and cementite. Considering the anisotropy of the 
lamellar phase can lead to better understanding of the orientation 
relationship between austenite, ferrite, cementite and pearlite. 
In this work, with T8 steel as the research material, based on 
the nucleation model of proposed by our research team [1] and 
the introduction of anisotropy and orientation relationship, the 
growth evolution process of pearlite lamellae was simulated. 
Then the nucleation sites of pearlite lamellae were discussed.

1 Model and parameter conditions
1.1 Phase field model
In this work, the multi-phase field model was used to simulate 
the eutectoid transformation process. The total free energy 
function is shown in equation (1). Equations (2) and (3) 
are interface energy density and chemical energy density, 
respectively.

          (1)

          (2)

          (3)

          

where and  are field variables of  phases  and , which 
are required to satisfy the equation. They further satisfy the 
constraints of equation (4).  is the interface thickness,  is the 
interface energy between  and , is the volume free 
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energy density of phase ,  is the Lagrange multiplier,  is 
the concentration of carbon in phase , and N is the number of 
phases.

The phase field calculation function is shown in the equation. 
Where the variables , and are calculated from equations 
(6) and (7), respectively. 

         

         

         

where  is the interface field between phase and , 
is the transformation entropy, is the reference temperature, 

 is slope of a corresponding line in phase diagram,  is the 
carbon concentration at the reference temperature , and  is 
transformation temperature. 

Equation (8) is the diffusion equation, and the concentration 
field can be solved by combining equation (9) and equation (10).

   
          (8)
   
           

  
        

where  represents the ratio of the concentration between 
and .  M is the chemical mobility and is the diffusion 

coefficient of carbon in phase . 

1.2 Anisotropy and orientation models
The anisotropic and orientation relationship models are 
introduced on the basis of the early nucleation model. 
Combining the growth patterns of ferrite and cementite, 
two different anisotropy models are used, respectively. The 
anisotropy model of ferrite is a common 4-symmetric model, 
as shown in Equation (11). The cementite is characterized by 
faceted anisotropy, its model is shown by equations (12) and (13), 
which was constructed by Steinbach [13]. The relevant parameters 
can find from references [13, 14].

         (11)

         (12)

         (13)

where       is anisotropy coefficient, ,  and  are 
constants,  is the initial interface energy.

In the process of austenite transformation into pearlite, 
two kids of orientation relationships are involved: one for the 
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orientation relationship between austenite and ferrite/cementite, 
and the other for the orientation relationship between ferrite and 
cementite.

The relationship between austenite and ferrite is generally 
divided into: K-S relationship and Non K-S relationship. The 
K-S relationship is more refined by Goro Miyamoto [3] into: 
K-S relationship and Near K-S relationship. The definition of 
the interval is shown Table 1, where the K-S relationship is 
( ,  ).

For the K-S orientation relationship, the interface energy can 
be processed by the Read Shockley equation [15, 16]:

Table 1:   Definition of orientation between austenite and ferrite

Orientation relationship K-S Near K-S Non K-S

Orientation difference ≤5° 5°≤ ≤15° >15°

Table 2:  Orientation relationship between ferrite and cementite

Bagaryatsky Isaichev Pitsch-Petch

Note: Subscript c and f  represent cementite and  ferrite, respectively.

where  is one of ferrite, cementite or austenite phase,  is 
interfacial energy of same phase between different grains. is 
interfacial energy between ferrite and cementite.

There are three main relationships between ferrite and 
cementite, namely Bagaryatsky, Isaichev, and Pitsch-Petch[17], as  
shown in Table 2.

Fig. 1: Initial conditions

 
(14)

 (15)

As the present work focused on the growth behavior of 
pearlite, it was assumed that ferrite and cementite have no 
orientation relationship, and were therefore not specifically 
considered.

2  Results and discussion
The initial phase field distribution is shown in Fig. 1, and the upper 
and lower parts are two different austenite grains. The middle 
region is the interface of two austenite grains  and  . The 
initial position of pearlite nucleus is set at the center of the whole 
region. The critical nucleation concentrations of the ferrite and 
cementite are 3.2 mol% and 3.72 mol% [1], respectively.

In the initial conditions, 200 × 200 mesh was used for the 
simulation. The grid size is 4 nm and the isothermal temperature 
is 970 K. The simulation parameters are shown in Table 3. The 
boundary conditions are set to be adiabatic.

2.1 Effect of anisotropy on pearlite 
The anisotropy of ferrite and cementite is represented by a 
4-symmetric model. The orientations of two adjacent austenite 
grains are set as 0° and 45°, respectively. The nucleus orientation 
of pearlite varies from 0° to 22.5°. 
   Due to the anisotropy of ferrite and cementite, the growth 
morphologies of ferrite and cementite are different. Figure 2 
shows the growth state of the pearlite from the boundary into the 
austenite grains under anisotropic conditions at 0.10 s, where the 
orientation of austenite  is 0°, and the orientation of austenite 

 is 45°. It can be clearly found that the growth direction of the 

Note:  α denotes ferrite,   β denotes cementite, and  γ denotes austenite.

Table 3:   Simulation parameters [18]

Parameters           Symbol                                         Value

Interface energy

Mobility

Diffusion coefficient

Dα=Dα0·exp(-Qα/RT)

D γ=D γ 0·exp(-Q γ/RT )
D β

α

-

-

-

1.0 J·m-2
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pearlite into the austenite grains on both sides of the boundary is 
different due to the different orientations of the austenite grains 
on both sides. Figure 2(a) shows that the growth direction of the 
pearlite in  is perpendicular to the grain boundary, that is, the 
angle between the growth direction of pearlite and the vertical 
direction is 0°, which is equal to the orientation difference 
between the austenite  and the pearlite. However, the angle 
between the growth direction of pearlite in  and the grain 
boundary of austenite is 45°,  which is equal to the orientation 
difference between the austenite  and the pearlite. Figures 
2(b), (c), (d), (e) and (f) have the same rules, as shown in Table 

4. However, the growth direction of pearlite will deviate with 
the growth of pearlite, as the second angle marked in Fig. 2(e) 
and (f). When the cementite lamellae at the left side began to 
grow, the growth direction of cementite lamellae at right side 
deviated from the orientation angle. This results in a large 
spacing between the two cementite lamellae. In order to reduce 
the lamellar spacing, the growth direction of cementite lamellae 
at the right side tends to shift toward the center of the two 
cementite lamellae. This phenomenon indicates that the growth 
direction of the pearlite lamellae is related to the orientation of 
the pearlite lamellae and the lamellar spacing of pearlite.

Fig. 2: Concentration distribution of pearlite with different orientations at 0.10 s

Table 4:  Angle between growth direction and horizontal direction in austenite grains

Pearlite orientation 0° 4.5° 9.0° 13.5° 18.0° 22.5°

           90.0° 85.5° 81.0° 76.5° 72.0° 67.5°

45.0° 49.5° 54.0° 58.5° 63.0° 67.5°

2.2 Effect of orientation relation on pearlite 
According to the experiments of Miyamoto [3], the orientation 
difference between the pearlite lamellae and the austenite is 
mainly concentrated between 0°-25°. Considering that the 
orientation of two adjacent austenite grains is 0° and 25°, the 
nucleus orientation of the pearlite lamellae is set to 5°, 10°, 

15° and 20°, respectively. Due to the different orientations of 
pearlite, the pearlite grows into different morphologies.

Figure 3 shows the growth morphology of pearlite in different 
orientations. The grid region is the boundary between two 
austenite grains. The interface energy between ferrite and 
austenite would vary drastically with the orientation when the 
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(a) Orientation is 5° (b) Orientation is 10° (c) Orientation is 15° (d) Orientation is 20°

Fig. 3: Growth morphology of pearlite in different orientations when K-S relationship is introduced at 0.116 s

Fig. 4: Boundary evolution mechanism

beginning, the austenite grain boundary is a horizontal straight 
line. With the pearlite growing in the austenite grain, the grain 
junction is changed from a two-phase junction to a three-phase 
junction. The boundary evolution mechanism in Fig. 4 shows 
that only  exists at initial state and the interface of two 
austenite grains will not bend. With the formation of the ferrite 
nucleus, the interface [  and , as shown in Fig. 4(b) 
and (e)] between austenite and ferrite appears. Since the two 
austenite grains are in different orientations,  and 
have different values, and they vary with the normal values 
of the interface at the junction point. At this time, if 
still remains horizontal, the three interface energies would be 
unbalanced at the junction. In view of < , and the 
direction of interface energy between austenite  and ferrite 
being approximately horizontal, the vector sum of  and 

 is as shown in Fig. 4(c) and (f). In order to ensure balance, 
the direction of  is the reverse of the vector sum. As the 
growth continues, the interface will move toward the inside of 

orientation relationship is considered. When the orientation 
difference is less than 5°, the lamellar ferrite does not grow 
directly into the austenite grains, but grows in the form of 
Widmanstatten pattern ferrite or boundary ferrite. When the 
orientation difference is greater than 5°, it grows into the 
austenite grains. The pearlite in the two austenite grains in 
Fig. 3 (a) and (b) shows two different growth morphologies. 
At the same time, the cementite in Fig. 3(a) and (d) is more 
likely to grow along the austenite boundary. In the vicinity 
of the austenite boundary, there are ferrite and cementite 
lamellae parallel to the austenite boundary. The ferrite may be 
firstly precipitated, then cementite would be precipitated from 
the boundary between ferrite and austenite. The orientation 
difference between the austenite and pearlite is 10° and 15° for 
Fig. 3(b) and (c), so there was very little difference between the 
growth rate of pearlite on both sides of the austenite boundary.

In particular, it is noted that the austenite grain boundary 
varies with the different orientations of pearlite. At the 

 (a)                                              (b)                                             (c)

 (d)                                               (e)                                               (f)
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2.4  Experimental verification 
It is difficult to obtain the mechanism of microstructure 
evolution during the eutectoid phase transformation by 
experiment. In the previous study on the formation of grain 
boundary ferrite in eutectoid and hypereutectoid pearlitic steels 
by Miyamoto et al [3], there are four microstructures, namely: 
boundary ferrite, Widmanstatten ferrite, granular pearlite, and 
lamellar pearlite when the carbon content is 0.75wt.% and 
the transition temperature is 873 K, as shown as in Fig. 6. It 
was found that the four microstructures are determined by the 
orientation relationship between the austenite and pearlite. That 
is, when the orientation difference is less than or equal to 5°, 
Widmanstatten ferrite and boundary ferrite are liable to appear. 
When the orientation difference is more than 5° and less than 
or equal to 15°, discrete pearlite is liable to produce. When the 
orientation difference is more than 15°, lamellar pearlite is liable 
to produce. 

In the study, to verify the accuracy of the model indirectly, 
the simulation initial conditions were set according to the actual 
composition and temperature of the above experiment, with only 
0.8 μm × 0.8 μm region being simulated due to the simulation 
area limitation. Figure 7 shows the simulation results with the 
same conditions as Fig. 6. The orientation of lamellar pearlite 
is 4.5°, the orientation difference between austenite and the 
lamellar pearlite is 4.5°, the orientation difference between 
austenite and the lamellar pearlite is 15.5°. 

Figures 6 and 7 show two kinds of microstructure with 
different morphologies. The left side of Fig. 6 (a) is the pearlite, 
the right side is the Widmanstatten ferrite and pearlite. The left 
side of Fig. 6 (b) is the lamellar pearlite, the middle boundary 
is boundary ferrite, and the right side is the martensite which 
corresponds to the austenite of original microstructure. The 
lower part of Fig. 7 is lamellar pearlite, the middle boundary 
is the boundary ferrite, and the upper part is the austenite that 

the grain , eventually showing such morphology as shown in 
Fig. 3(a) and (d).

2.3 Effect of nucleation positions on pearlite
The nucleation site of the above pearlite growth process is at 
the austenite grain boundaries, but the pro-eutectoid phase 
will appear in the process of the actual growth of pearlite, 
and preferentially nucleates and grows at the austenite grain 
boundary. Therefore, the subsequent nucleation sites are mostly 
at the interface of the pro-eutectoid phase and the austenite 
phase. However, for the alloys of the different compositions, 
the distribution of impurity particles inside the austenite grains 
would be very different. The nucleation induced by the inclusion 
in grains or boundaries is not considered herein. 

When the nucleus location is set at the interface of the 
austenite phase and the pro-eutectoid phase or austenite phase, 
the K-S orientation relationship is not changed, as shown in 
Fig. 5. Figure 5 (a) and (d) show unilateral austenite growth, 
whereas (b) and (c) show lamellar growth. Compared with the 

growth morphology of pearlite with different orientations in Fig. 
3, it can be found that the pearlite at the nucleus location that 
set at the interface of the austenite phase and the pro-eutectoid 
phase or austenite phase can develop the bifurcation mechanism 
(that is, a ferrite lamella is divided into two ferrite lamellae) of 
lamellar growth, as shown in the virtual box of Fig. 5(b). The 
growth rate of the lamellar region would decrease when the 
lamellar spacing is large. The carbon atoms precipitated from 
lamellar ferrite will be hoarded here until they are higher than 
the critical nucleation concentration, then forming the nucleus 
of cementite. Morphological characteristics are manifested as 
bifurcation phenomena. 

In view of the actual situation, there will be granular pearlite 
structure, but it cannot form a granular pearlite structure when 
the nucleation site is at the interface of two austenite grains. 
When the nucleus location is set at the interface of the austenite 
phase and the pro-eutectoid phase or austenite phase, granular 
pearlite can form in the simulation results, that is, a plurality of 
granular cementite distribute in the ferrite matrix.

Fig. 5: Growth morphologies of pearlite at different orientations at 0.128 s
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Fig. 7: Simulation results at 873 K for 7 s

(a) Concentration distribution (b) Orientation distribution

has not transformed. The reason for the formation of boundary 
ferrite and Widmanstatten ferrite is that the orientation 
difference between the austenite and the ferrite is less than 5º 
[1.5 º for Fig. 6 (a), 3.6 º for Fig. 6 (b), and 4.5º for Fig. 7]. 
It can be found that the simulation results are in line with the 
experimental conclusion. Boundary ferrite is easy to produce 
when the orientation difference is less than 5º (austenite ), 
here, as the characteristics of Widmanstatten ferrite were not set, 
then Widmanstatten ferrite will not appear. Lamellar pearlite is 
easy to produce when the orientation difference is greater than 
15 º (austenite ).

 

3  Conclusions
By introducing anisotropy and orientation relationships, the 
growth of the pearlite lamellae was studied by multi-phase 
field method. It was found that the simulation results were 
in agreement with the experimental results. Therefore the 
following conclusions can be drawn: 

(1) The growth direction of the pearlite lamellae is related to 
the orientation and spacing of the pearlite lamellae. The growth 

direction of the pearlite lamellae is deflected along with the 
adjustment of lamellar spacing, and the deflection angle is equal 
to the orientation difference between the pearlite lamellae and 
austenite.

(2) When the orientation difference between the pearlite 
lamellae and austenite is less than 5 °, the pearlite lamellae does 
not grow into the austenite grains, but grows in the form of 
boundary ferrite. When the orientation difference between the 
pearlite lamellae and austenite is greater than 5 °, the pearlite 
lamellae grows into the austenite grains.

(3) When the nucleus of ferrite lamellae or cementite lamellae 
is located at the interface of austenite and ferrite, cementite or 
austenite, the K-S orientation relationship is not changed. At the 
same time, the nucleus at the interface of austenite and ferrite, 
cementite or austenite can induce the bifurcation of thick ferrite.
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