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Continuous cooling transformation (CCT) diagrams of steel are the basis to determine the optimum heat
treatment technology. Combined with metallography, the CCT diagram of medium–high carbon spring
steel 60Si2CrA was obtained by dilatometric measurement at cooling rates from 0.5 to 50 K/s. It is found
that ferrite, pearlite, and martensite were available in the experimental range. Taking into account of the
incubation time and volume fraction evolution of the new phase, a new phase transformation kinetics model
is established to estimate the fraction of ferrite and pearlite during continuous cooling process (CCP).
Material constants in the model were determined and optimized by minimizing the errors between
experimental and predicted data. The kinetics model was validated and proved its efficiency in predicting
the new phase fraction of 60Si2CrA during continuous cooling and will probably constitute a useful tool for
guiding the production process.
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1. Introduction

The medium–high carbon spring steel 60Si2CrA is widely
used in making grinding balls. As main grinding media in ball
mills, grinding balls are extensively employed in many
industries, such as the mineral process. The wear performance
of grinding balls is related to heat treatment process. Time–
temperature transformation (TTT) and continuous cooling
transformation (CCT) diagrams are two basic transformation
diagrams, which are not only important bases of establishing
reasonable heat treatment process, but also the essential
foundation of the solid-state phase transformation theory.
Compared with TTT diagrams, CCT diagrams are generally
closer to engineering conditions (Ref 1). Therefore, under-
standing of the relationship between cooling rates and the
degree of phase transformation in 60Si2CrA steel in continuous
cooling process (CCP) is crucial to the mechanical properties of
grinding balls.

Numerous attempts have been made to obtain the CCT
curves. CCT diagrams can be converted from existing TTT
diagrams using Scheil�s additivity rule. For example, Zhang
et al. (Ref 2) calculated partial CCT curve of a plain carbon
steel in accordance with the Avrami equation and Scheil�s
additivity rule. Calculation methods using artificial intelligence
methods provide an alternative choice. Wang et al. (Ref 3) and
Trzaska et al. (Ref 4) developed artificial neural network
(ANN) models to predict CCT diagrams based on assumed

chemical compositions and austenitizing temperature. In the
absence of the literature data, the CCT diagram is usually
obtained by dilatometric measurement combined with some
other methods, such as metallographic analysis, hardness tests,
and differential scanning calorimetry method.

Many researchers have studied the continuous cooling
behavior of medium–high carbon steel. Gao (Ref 5) measured
the CCT curve of 60Si2CrVA, and the critical cooling rate for
full martensite is 5.3 K/s. Huang et al. (Ref 6) studied the CCT
curves, structure, and phase transformation of 60Si2CrVAT at
different finishing rolling temperature and cooling rates. Wu
et al. (Ref 7) concluded that with the increase in niobium
content in 60Si2CrVAT, the high-temperature and medium-
temperature transitions in CCP were promoted. Yu et al. (Ref 8)
came to the conclusion that to obtain a great quantity of sorbate
for 65Mn steel, the cooling rate should be between 1 and 3 K/s
using the CCT diagram. Deng et al. (Ref 9) obtained the CCT
diagram of 70Mn, which is usually used for forging grinding
balls, and the relationships between phase transformation
points/volume fraction and cooling rate were built by regres-
sion calculation. Using DIL805A dilatometer with microstruc-
ture and hardness measurement, Chen et al. (Ref 10) found that
the martensite transformation start temperature of 60Si2CrA
steel is 502 K, and that austenite mainly decomposed into
pearlite and martensite in the applied cooling rate range from 1
to 30 K/s. Experiments conducted by Jiang et al. (Ref 11)
showed that with the increase in quenching rates from 10 to
800 K/s, strength, plasticity, and hardness of 60Si2CrVAT
increase to a peak, while martensite transformation start
temperature shows the opposite characteristics. Phase transfor-
mation models in CCP suitable for further computer simulation
were not established in the aforementioned studies. Thus, it
makes sense to establish an appropriate phase transformation
model for 60Si2CrA steel to predict supercooled austenite
decomposition during CCP.

Researchers have developed various phase transformation
models during CCP from supercooled austenite. Based on the
Avrami-type equation and additivity rule, Suehiro et al. (Ref
12) developed a mathematical model for high carbon steel,
which can be used to calculate the progress of transformation in
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an arbitrary cooling practice. Quidort and Brechet (Ref 13)
presented a kinetics model applicable to the transformation
from austenite to bainite of a hypoeutectoid steel, and
nucleation and growth equations in the model are included in
a Kolmogorov–Johnson–Mehl–Avrami analysis. According to
thirteen determined CCT diagrams of dual-phase steels, Colla
et al. (Ref 14) established an ANN model to predict the
fractions of ferrite, bainite, and martensite during CCP.
Utilizing internal state variable (ISV) method, Yang et al.
(Ref 15) and Li et al. (Ref 16) proposed a set of unified
constitutive equations to forecast the new phase fraction during
CCP of DIN SAE 5140 steel and boron steel, respectively.

This work aims to develop a new set of phase transformation
equations to predict supercooled austenite decomposition
kinetics during CCP of medium–high carbon steel 60Si2CrA.
The paper is organized as follows: First, continuous cooling
behavior and microstructure evolution of 60Si2CrA were
investigated using dilatometry and metallography examination.
Then, a kinetics model, taking into account of the incubation
time and volume fraction of new phase, was proposed to predict
the transformed fraction of the new phase during continuous
cooling. A genetic algorithm (GA)-based optimization method
was utilized to calibrate the proposed model by minimizing the
errors between experimental and predicted data. Finally,
comparisons between simulated and experimental fractions
validated its feasibility and accuracy, and evolution of ISVs was
discussed.

2. Experiments

2.1 Experimental Procedure

The chemical composition of the investigated material
60Si2CrA is Fe-0.61C-1.75Si-0.70Mn-0.83Cr-0.01Ni-0.018P-
0.018S. Dilatometric experiments were performed on a quench-
ing dilatometer DIL805A made by Bahr-Thermoanalyse Gmbh,
and the resolution DL=K of the dilatometer is 0.05 lm/K.
Cylindrical test specimens with a diameter of 4 mm and a
length of 10 mm were used for this study.

Figure 1 shows the temperature profile and testing proce-
dure. Specimens were inductively heated under vacuum to
973 K at a heating rate of 10 K/s to save time and then heated
to 1143 K at a rate of 1 K/s. After isothermal soaking at
1143 K for 10 min, specimens were quenched by nitrogen to
room temperature at a rate of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 30,
or 50 K/s. Specimens were sectioned along the longitudinal
axis and then polished and chemically etched with 4% nitrate
alcohol solution to reveal the microstructure using an optical
microscope after CCP. In this study, the start time of the CCP is
set as the time origin.

2.2 Experimental CCT Curve

Dilation curves at the cooling rates of 0.5, 2, 3, 5, and 9 K/s
in CCP are presented in Fig. 2. The resulting structure is a
mixture of ferrite and pearlite (F + P) at the heating rates
ranging from 0.5 to 2 K/s. According to the previous research
on 60Si2CrA (Ref 10), the resulting structure is
pearlite + martensite or martensite when the cooling rate is
greater than or equal to 3 K/s. That is to say, ferrite does not
coexist with martensite in regard with CCP of 60Si2CrA, and
this phenomenon also occurs in the CCT diagrams of 65Mn
(Ref 8) and 70Mn (Ref 9). When the cooling rate is at the range
of 3 � 5 K/s, martensite transformation occurred after the P
transformation. When the cooling rate is 5 K/s in Fig. 2, the P
transformation can be found but not obvious. With the further
increase in the cooling rate, only martensite transformation is
found. That is to say, the critical cooling rate to obtain
microstructure without P is 6 K/s.

Figure 3 shows the microstructure of 60Si2CrA steel using
an optical microscope at cooling rates of 0.5, 2, 3, 4, 5, and
6 K/s. In Fig. 3(a) and (b), the black block is P, and the white F.
It can be seen that the proportion of ferrite decreases with the
increase in the cooling rate. In Fig. 3(c)-(f), the black block is P,
the white or gray zone is martensite (the mixed tissue of
martensite and residual austenite), and the proportion of P
decreases with the increase in the cooling speed. At the cooling
rate of 6 K/s, P basically disappears, and the microstructure can
be considered as full martensite. Dilatometric measurement and
metallographic analysis are consistent with each other.

The average martensite transformation start temperature,
Ms, obtained by the dilation curves is 503 K, which is

Fig. 1 Temperature profile and testing procedure of dilatometric
experiments Fig. 2 Partial dilation curves of 60Si2CrA steel during cooling
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consistent with the temperature 502 K in Reference (Ref 10).
And the equilibrium temperature of austenitization start (Ac1)
and end (Ac3) is estimated by the empirical formulas in Eq 1-2
(Ref 17) to be 1057.3 K and 1089.4 K, respectively.

Ac1 ¼ 1000� 16:9w Nið Þ þ 29:1w Sið Þ � 10:7w Mnð Þ
þ 16:9w Crð Þ; ðEq 1Þ

Ac3 ¼ 1183� 20:3
ffiffiffiffiffiffiffiffiffiffiffi

w Cð Þ
p

þ 44:7w Sið Þ � 15:2w Nið Þ
� 30w Mnð Þ þ 11w Crð Þ � 700w Pð Þ; ðEq 2Þ

In Eq 1-2, Ac1 and Ac3 are in Kelvin, and wðÞ means the
mass percent of a specific element, for example w Cð Þ equals
0.61.

It is difficult to determine the pearlite start temperature for
F + P transformation conditions from the dilation curves, so
ferrite and pearlite are considered as one phase when the rate is

less than or equal to 3 K/s. Based on the dilation curves and
metallography, the beginning and finishing transformation
temperatures of each phase were determined. Then, the CCT
diagram of 60Si2CrA steel was obtained as shown in Fig. 4. It
is evident from Fig. 4 that ferrite + pearlite, pearlite, and
martensite transition zones are in the CCT diagram, while the
bainite transition zone is not. This phenomenon also occurs in
the CCT diagrams of 70Mn (Fe-0.72C-0.24Si-1.09Mn) (Ref 9)
and 65Mn (Fe-0.66C-0.35Si-1.05Mn) (Ref 8). The reasons are
as follows. On the one hand, the alloy element manganese can
form weak carbides and reduces the nucleation rate and growth
rate of bainite, which retards bainite transformation (Ref 8). On
the other hand, the element silicon strongly hinders the
formation of carbides in the case of bainite transition, promotes
the enrichment of carbon in the unconverted austenite and
significantly delays the formation of bainite. Meanwhile, the

Fig. 3 Microstructure of 60Si2CrA steel at cooling rates of (a) 0.5, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6 K/s
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element vanadium is a strong carbides forming element, which
can explain the appearance of bainite transition in CCT
diagrams of 60Si2CrV (Fe-0.6C-1.5Si-0.6Mn-1.2Cr-0.16 V)
in References (Ref 6-8). Due to the absence of both ferrite and
bainite when martensite transition occurs, Ms temperature
basically does not change in Fig. 2 and 4.

2.3 Volume Fraction of Ferrite and Pearlite

The final volume fraction of the new phase (i.e., F + P),
umax, at a specific cooling rate is measured by image analysis
using the software Image-Pro Plus made by Media Cybernetics
Company in America. As shown in Fig. 5, when umax is
mentioned, the fraction of ferrite can be zero.

The actual volume fraction of transformed F + P, u, at a
given time t is calculated by the following equation (Ref 13):

u tð Þ
umax

¼ L tð Þ � L0
Lf � L0

; ðEq 3Þ

In Eq 3, L tð Þ, L0 and Lf are the lengths of the specimen at
the given time t, before and after the completion of the CCP,
respectively. The left-hand side of the equation is called the
normalized volume fraction un. The final volume fraction umax

with cooling rate _T can be phenomenally described as (Ref 18):

umax ¼ a1 arctan a2 _T
�

�

�

�þ a3
� �

þ a4; ðEq 4Þ

where a1, a2, a3, and a4 are material parameters. The four
parameters are determined using a genetic algorithm (GA)-
based optimization, and the optimization procedure is similar to
the calibration section. The determined values are:
a1 ¼ �0:6059, a2 ¼ 0:7158, a3 ¼ �1:9998, and a4= 0.6857.
The final volume fraction umax with cooling rate is given in
Fig. 5, and good agreement is obtained between the computed
curve and experimental data.

Figure 6 shows the evolution of the actual volume fraction
of ferrite and pearlite of 60Si2CrA steel in CCP. We can see
from the figure that with the increase in the cooling rate, both
the start and finish transformation temperatures of F + P
decrease.

3. Kinetics Modeling

3.1 Model Sketch

In light of the theory of free energy change (Ref 19) and the
authors� previous study on austenite formation (Ref 20), a brief
sketch of the phase transformation model to be proposed is
illustrated in Fig. 7.

The CCP begins at the time t0 (t0 ¼ 0), and the correspond-
ing temperature is represented as T0. Current temperature and
time are expressed as T and t, respectively. When T decreases to
Tc (t ¼ t1), the incubation time starts. Before the time t1, the
value of x is 0. The incubation does not come to an end until the
new particle radius r reaches the critical radius r*

(t ¼ t�; T ¼ T �). The period during t� and t2 when the fraction
of new phase u firstly reaches umax is called the transition
period. Before the time t�, the value of u maintains 0.

Here, we employ a parameter x ranging from 0 (t � t1) to 1
(t � t�) to represent the incubation time. When t > t�, the

Fig. 4 CCT diagram of 60Si2CrA steel

Fig. 5 Final volume fraction of ferrite and pearlite during cooling
progress of 60Si2CrA steel

Fig. 6 Evolution of the volume fraction of ferrite and pearlite of
60Si2CrA steel in CCP
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difference between Tc and current temperature T is the so-called
undercooling. If the time exceeds t2, the new phase transition is
completed and another phase transition may happen.

3.2 Modeling of the Incubation Period

The cooling rate in this study is expressed as _T
�

�

�

�, though the
cooling rate is negative in the mathematical sense. The
introduced parameter x is related to the cooling rate _T

�

�

�

�,
current temperature T, and current value of x. With the increase
in _T
�

�

�

�, the time between t1 and t� decreases, i.e., _x increases. As
shown in Fig. 8, the average value of _x during the incubation
period, which equals 1 divided by ðt1 � t�Þ, is almost linear
with cooling rates. According to the physical meaning of Tc, the
incubation period does not begin before the temperature is
lower than Tc. When the influences of _T

�

�

�

�, T, and x are
considered, the ratio of the parameter x to the time t is described
as:

_x ¼ B1 1� xð ÞB2 _T
�

�

�

�

B3 < 1� T=Tc >
B4 ; ðEq 5Þ

In Eq 5, B1, B2, B3, and B4 are material constants. The value
of x is restricted to be between 0 and 1 by the term 1� xð ÞB2 . hi
are Macaulay brackets. Tc equals Ac1 when the new phase is
ferrite. And for pearlite, Tc equals Ac3. The value of Tc is equal
to Bs (temperature below which bainite can form during CCP)
in case of bainite. For ferrite and pearlite transformation in CCP

of 60Si2CrA steel, the value of Tc for F + P needs to be
determined.

3.3 Modeling of the Transition Period

When the incubation time ends, the transition period
initiates. In Eq 6, T� is the temperature at the critical point
(t ¼ t�; r ¼ r�) where x� < 1, and x ¼ 1 as shown in Fig. 8.

T ¼ T �jx� < 1; x ¼ 1; ðEq 6Þ

During the transition period, the relationship between the
fraction of new phase u and cooling rates is relatively
complicated. The average value of _u during the transition time
equals umax divided by ðt2 � t�Þ. As shown in Fig. 8, for
60Si2CrA, the average value of _u rises at the beginning and
then reduces with the increase in cooling rates. This trend can
be expressed using a modified Gaussian-type term similar to
that in Reference (Ref 19). In order to simplify the expression,
evolution of un for 60Si2CrA can be expressed as follows:

_un ¼ C1h1� T=T�iC2 1� unð ÞC3 ; ðEq 7Þ

In Eq 7, C1, C2, and C3 are material constants; h1� T=T �iC2

is introduced to describe the influence of current temperature on
the new phase volume fraction explicitly and the effect of
cooling rates implicitly; the term 1� unð ÞC3 allows the value of
un to vary between 0 and 1, inclusively.

Then, the actual volume fraction u can be obtained by:

_u ¼ umax _un; ðEq 8Þ

A set of phase transformation equations for 60Si2CrA steel
during CCP, Eq 6-8, are established. Material constants in the
model are positive and temperature independent.

4. Model Calibration

A GA-based optimization is utilized to calibrate and
optimize material constants by minimizing the errors between
experimental and predicted data. The volume fraction of ferrite
and pearlite at the cooling rates of 0.5, 1, 2, and 5 K/s is utilized
to optimize the material constants. The objective function takes
the forms as follows:

f Xð Þ ¼ 1

M

X

M

j¼1

1

N

X

N

i¼1

ln
uc
ij þ 0:5umax

ue
ij þ 0:5umax

 !2
8

<

:

9

=

;

; ðEq 9Þ

Fig. 7 Sketch of the phase transformation model in light of free energy change theory

Fig. 8 Relation between average values of _x (square) and _u (circle)
and cooling rates for 60Si2CrA
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In Eq 9, X (X = [B1, B2, B3, B4, Tc, C1, C2, C3]) represents
the material constants required to be determined. M is the
number of curves used in the optimization (M = 4), and N is the
number of data points at a given cooling rate (N = 38). uc

ij and
ue
ij are the computational and experimental volume fractions for

the same temperature level i and cooling rate j, respectively.
The calculated incubation time parameter x and new phase

volume fraction u are numerically integrated using the forward
Euler method with a constant integral step. The model contains
a set of ordinary differential equations in terms of time t, so the
initial values of the variables are needed. At t = 0, x and u are
equal to 0. The parameters of genetic algorithm here are as
follows: population size = 200, crossover rate = 0.8, number of
generations = 5000, mutation rate = 0.02, initial population of
X = [1e3, 1, 1, 1, 1089.4, 1e1, 1, 1], and bounds of X = [0, 0, 0,
0, 1000, 0, 0, 0; 2e3, 10, 10, 10, 1200, 1e2, 10, 10]. For ferrite
and pearlite transformation in CCP of 60Si2CrA steel, Tc
equals 1101.9420 K.

The determined eight values of material constants in Eq 5
and 7 are listed in Table 1.

5. Validation and Discussion

5.1 Model Validation

The predicted curves (curves) with experimental volume
fractions (symbols) at the cooling rates of 0.5, 1, 3, and 5 K/s
are plotted in Fig. 9. In order to verify the proposed phase
transformation equations for CCP, comparisons between the
predicted and experimental results at cooling rates of 2 and
4 K/s were also made. Because the final volume fractions at
cooling rates ranging from 4 to 5 K/s are relatively small as
shown in Fig. 4 and 5, the normalized volume fraction is
adopted in Fig. 9 so that the comparisons will be more
manifest. We can see that good agreement between the
experimental and measured data is obtained.

5.2 Evolution of ISVs

Evolution of ISVs (including incubation parameter x,
normalized fraction un, and the corresponding rates dx=dt
and dun=dt) at cooling rates of 2, 3, and 5 K/s are predicted
using the proposed model and illustrated in Fig. 10. Taking the
cooling rate of 3 K/s as an example, the physical meaning of
the model is explained as follows. The initial temperature is
1143 K, and the initial time t0 ¼ 0. The incubation time begins
at t1 (approximately 20 s), and the temperature equals Tc
(1101.9420 K). Then, the incubation parameter x rises from 0
to 1 gradually, and the rate of which increases to a peak and

decreases to 0. When the parameter x becomes 1 for the first
time, the critical time t� (approximately 70 s) is up and the
cooling degree (Tc � T0) is satisfied for the occurrence of a new
phase. That is to say, the transition period starts. With the
increase in time from t�, the normalized fraction rate dun=dt
firstly increases and then reduces to 0, and the transition period
ends when the normalized fraction progressively increases to 1
at the time t2 (approximately 105 s).

The effect of cooling rates in the investigated range on ISVs
evolution is remarkable as presented in Fig. 10. Though the
required cooling degree and the phase transformation temper-
ature are bigger with the increase in the cooling rate, the
corresponding time which equals the cooling degree divided by

Table 1 Calibrated constants for the proposed model

Material constant Determined value

B1 1=Kð Þ 1230.3600
B2ð�Þ 0.8568
B3ð�Þ 0.2540
B4ð�Þ 4.0033
Tc Kð Þ 1101.9420
C1 1=Kð Þ 29.8540
C2ð�Þ 1.7507
C3 �ð Þ 0.9177

Fig. 9 Comparison of the predicted (curves) and experimental
(symbols) volume fractions at all test conditions

Fig. 10 Evolution of predicted ISVs with time at cooling rates of
2, 3, and 5 K/s
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the cooling speed decreases. That is to say, it takes less time for
x to reach the saturation value 1 for a larger cooling rate. Thus,
the maximum value of x growth rate is also larger. A similar
law is presented for un and dun=dt at different cooling rates,
because the transition period is shorter at a lager cooling rate.

The above confirms the feasibility of the proposed model to
characterize the phase transformation and the possibility of
applying to industrial production during CCP of 60Si2CrA steel.
Because the proposed phase transformation model for CCP is
physically based, the model can probably be applied to other
hypoeutectoid steel, and values of eight constants can be solved
using genetic algorithm with the initial values in Table 1.

6. Conclusions

A set of equations have been developed to describe the
phase transformation kinetics during CCP for hypoeutectoid
steel 60Si2CrA. The following conclusions are obtained.

(1) The CCT diagram of the investigated 60Si2CrA was ob-
tained using dilatometric measurement and metallo-
graphic analysis. Ferrite and pearlite (F + P) are
assumed to be one, and bainite is not available in the
experimental range.

(2) In light of the theory of free energy change and the
authors� previous study on austenite formation, and
based on the experimental data, a set of kinetics equa-
tions considering the incubation time and transition peri-
od are proposed to describe the phase transformation
during CCP of 60Si2CrA.

(3) A GA-based optimization was used to calibrate material
constants by minimizing the errors between experimen-
tal and predicted data, and the forward Euler method
with a constant integral step was employed.

(4) The good agreement between simulated and experimen-
tal results proves both the validity of the proposed mod-
el to predict the phase transformation and the potential
for application to industrial production during CCP of
60Si2CrA steel. The proposed phase transformation
model for CCP is physically based and can probably be
applied to other hypoeutectoid steel.
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