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A B S T R A C T

The paper reports on the experimental research into the austenite decomposition in high  carbon 

steel at a constant temperature and rates of cooling. The study was carried out by the methods of 

dilatometry, micro-durometry, optical and scanning microscopy. From the dilatometric curves it 

is apparent they are sufficiently presented by the Kolmogorov-Avrami equation in a temperature 

range from 700 to 550 °С, and by the logistic function for temperatures ranging 500 to 250 °С. The 

data of the dilatometric analysis were used to draw isothermal and continuous cooling transforma-

tion diagrams of phase conversions. It has been pointed out an isothermal diagram to comprise 

four C-curves of pearlite and bainite transformations, which are approximated by second- and 

third-degree polynomials. The critical temperatures of austenite, bainite, and martensite trans-

formations have been determined, being 711, 550  and 196 °С, respectively. Considering the data 

obtained experimentally, a mathematical model of austenite decomposition has been developed 

for a constant cooling rate, and volume fractions of structure-phase components estimated theo-

retically, demonstrating the congruence with experimental results. The suggested mathematical 

model can be adopted to calculate a structure-phase composition in industrial differential heat 

treatment of rails. 
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1. Introduction

Phase transformations in the system “iron-carbon” 

represent physical processes studied in detail both experi-

mentally and theoretically [1–3]. So far, however, there 

has been little discussion about the mechanisms and ki-

netics of these transformations when heat treating the 

steel. Technologically, the thermal treatment of a steel 

deals with its heating up to temperatures of high-temper-

ature phase (austenite) existence and further cooling in 

quenching agents [4]. Depending on the heat treatment 

conditions (set temperature, rate of cooling, thermo-

physical properties of a material to be processed and a 

quenching agent) there are diverse austenite decomposi-

tion mechanisms: ferrite, pearlite, bainite and martensite 

transformations [5–13]. A variety of phase transforma-

tion mechanisms implies the difference in their kinetics. 

The key models developed relying on experimen-

tal data with the purpose to specify the kinetics of iso-

thermal phase transformations are the Johnson-Mehl-

Avrami-Kolmogorov equation (JMAK) [14–16] and the 

Kirkaldy-Venugopalan model (KV) [17]. The JMAK-

equation may be generalized for the case of two simul-

taneous phase transformations [18]. The prior research 

[19–22] has established these models characterize ade-

quately diffusion-controlled transformations, e.g. pearl-

ite and ferrite ones. The Koistinen and Marburger model 

(KM) has been proposed for the diffusion-free austenite-

martensite transformation [23]. 

Simulating the bainite transformation kinetics [24–

26], it has been revealed that JMAK-type models fail to 

provide an appropriate explanation to this transformation 

and the authors suggested using the logistic function as 

an alternative. The work [27] has presented an improved 

model characterizing the formation of bainite structures 

under the isothermal heat treatment. 

In a general case of several simultaneous phase trans-

formations, a phase-field approach is applied to charac-

terize their kinetics [28–31]; its mathematical model in-

cludes a partial differential equation for order parameters 

with more than ten difficult to identify coefficients. This 

approach has become widely adopted in fundamental 

studies to simulate phase transformations in the system 

“iron-carbon” [30, 31], nevertheless, its use for the de-

scription of quenching processes in rails is premature. 

To sum up, to date there is no precise and simple 

model of isothermal diffusion and diffusion-free trans-

formations for high and medium carbon steels. Therefore, 

this work aims to illustrate structure and phase transfor-

mations in pearlite rail steels using the phenomenological 

approach in the terminology [32]. This procedure deter-

mines the type and parameters of kinetic curves using 

dilatometrically obtained CTT diagrams and relies on 

the additivity principle when calculating structure and 

phase transformations in non-isothermal conditions, it 

compares projected and experimentally obtained data as 

well. In contrast to the phase-field model it is possible to 

use only two parameters within this approach.
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2. Material and method of investigation

As a material for the purpose of investigations we used 

a high carbon steel with the chemical composition similar 

to a pearlite rail steel (Table 1).

The dilatometry was conducted using a quenching 

dilatometer Linseis RITA L78 with horizontally located 

samples. To measure a real temperature of a sample to 

be analyzed, a thermocouple of the К-type (Ni–NiCr) 

was applied, which was welded to the side surface of cy-

lindrical samples. The inert high-purity gaseous helium 

was used to heat and cool. Dilatometric samples of inter-

est were made as cylinders (height 9–11 mm, diameter 

3–4 mm). A software package WIN – DIL, Linseis Data 

Evaluation and Maple was selected to collect and process 

data of experiments.

To determine the position of a critical point Ас1 

(transformation start temperature) a sam ple made of steel 

under study was heated up to a temperature of 1000 °С at a 

rate of 1.5 °С/s. A temperature of heating to draw a CCT 

and an isothermal diagram was set 50 °С above the tem-

perate the transformation is complete. A thermal range 

of the transformation was detected according to a point 

a tangent line detaches from a linear range of thermal 

expansion before and after the phase conversion. When 

plotting the CCT diagram, which shows the decomposi-

tion of overcooled steel austenite, samples made of steel 

under consideration were heated up to a temperature of 

825 °С at 1.5 °С/s and tempered for 15 minutes. Samples 

were cooled from the heating temperature up to a tem-

perature of 30 °С at 100, 30, 10, 7.5, 5, 1 and 0.1 °С/s. 

A time from the point, a sample heated up to the heating 

temperature starts cooling, is indicated on the X-axis of 

the CCT diagram presenting the decomposition of over-

cooled austenite. 

When plotting an isothermal curve to characterize the 

decomposition of overcooled austenite, samples made 

of steel under study were heated up to a temperature of 

825 °С at 1.5 °С/s and tempered for 15 minutes. Samples 

were cooled from the heating temperature up to a tem-

perature of isothermal tempering at 100 °С/s. The iso-

thermal tempering in the range of overcooled austenite 

was carried out at temperatures of 700, 650, 600, 550, 500, 

450, 400, 350, 300, and 250 °С. A time from the point, the 

isothermal tempering begins, is indicated on the X-axis 

of the isothermal curve demonstrating the decomposition 

of overcooled austenite. The limits of the transformation 

were also determined according to a point, a tangent line 

detaches from a linear range of thermal expansion before 

and after phase shift.

A volume fraction of the resolved austenite was esti-

mated by a formula:

l l
X

l l
γ

α γ

Δ − Δ
=

Δ − Δ
, (1)

where �lγ — abs olute elongation prior the phase transfor-

mation; �l — current elongation; �lα — absolute elonga-

tion in the final point of the transformation. 

Once dilatometric measurements have been com-

pleted, micro-sections were made on samples as they 

were subjected to the thermal treatment in specified 

conditions, a microstructure was investigated using the 

methods of optical and scanning microscopy, in addition, 

micro-durometry was carried out by the Vickers method. 

The metallography was carried out on steel 80 GS 

microsections using a ×500 magnification inverted mi-

croscope Olympus GX 51. The obtained visual data were 

processed by a special hardware and software package 

SIAMS 700, as well as the software Olympus Stream 

Motion, version 1.8. To prepare microsections we pressed 

in samples by a setup CitoPress-10 (Struers, Дания) at 

a temperature of 120 °С. A total time for pressing in and 

cooling was set 5 minutes. Microsections were prepared 

by an automated machine Tegramin-30 (Struers, Дания). 

To study the structure a microsection was etched in a 3% 

alcohol solution of nitric acid.

3. Experimental results and discussion

Fig. 1 provides typical relations between the absolute 

elongation and volume fraction of the resolved austen-

ite and time. Using the square procedure, we carried out 

the approximation with the help of Kolmogorov-Avrami 

equation 

1 exp( )mX kt= − − ,

where X  — a volume fraction of the resolved austenite; 

k, m — temperature and time depending parameters in 

the general case (see Fig. 1, a, b, curve 1) and a logistic 

function 
1

1 exp( lg( ))
X

a b t
=

+ +
, a and b — parameters of

the logistic function (see Fig. 1, a, b, curve 2). The figure 

demonstrates that the Kolmogorov-Avrami equation (see 

Fig. 1, a) at a tempering temperature of 600 °С (a correla-

tion coefficien t of 0.99) provides a better explanation to 

experimental data than the logistic function (a correlation 

coefficient of 0.89). 

At a soaking temperature of 250 °С the observed depen-

dences of resolved austenite fraction vs. time (see Fig. 1, b, 

curve 2) can be adequately characterized with the logistic 

function (a coefficient of correlation of 0.99). It is also true 

for temperatures of 300–500 °С. As mentioned before, 

the dependence of volume fraction vs. time was similar for 

middle-carbon steels [24–26]. The absolute elongation 

tends to reduce on dilatometric curves in the given inter-

val as the phase transformation is complete. Probably, it is 

a consequence of relaxing thermo-elastic stresses.

In a range of 700–600 °С the overcooled austenite 

resolves according to the pearlite mechanism, and it is 

Table 1.  Chemical composition of steel under study

Concentration of element, mass % (balanced by Fe)

С Si Mn Cr Ni V Al Mo S P

0.81 0.56 0.97 0.27 0.08 0.004 0.003 0.007 0.005 0.013
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reported on the formation of pearlite-type structures, 

consisting of pearlite-cementite colonies. Once the dis-

persion of ferrite-carbide mixture increases (Fig. 2, a), the 

hardness tends to grow. The decomposition of the over-

cooled austenite at a temperature of 550 °С is the reason 

for the developing transformation according to pearlite 

and bainite mechanisms. Here a pearlite and bainite mix-

ture forms (Fig. 2, b).

The metallography realized by the methods of opti-

cal and scanning electron microscopy has highlighted a 

structure of the upper bainite forms in a temperature range 

of 500–400 °С. This structure might contain considerably 

big irregular round incorporations of retained austenite. 

Hardness increases from 340 to 428 HV (Fig. 2, c).  

An intermediate upper to lower bainite structure de-

velops at a temperature of 350 °С, at the same time, ir-

regular round incorporations of retained austenite are de-

tected in it, like in the upper bainite, as well as rectangular 

or sharp-cornered bright zones of retained austenite be-

tween platelets of bainite α-phase. Here, hardness goes up 

to 520 HV. When isothermal tempering at temperatures of 

300–250 °С, the overcooled austenite turns into the lower 

bainite (Fig. 2, d), which is made of sharp-cornered or 

rectangular bright zones of retained austenite and bainite 

α-phase with inner carbide precipitates. The hardness of 

such structures is maximal provided that produced under 

isothermal decomposition and is estimated to be 597 and 

689 HV, respectively.

In view of the data obtained in dilatometry, micro-

durometry and metallography studies we determined 

critical points Ас1 = 711 °С; Мs = 196 °С and plotted an 

isothermal diagram for the overcooled austenite, which 

we used to find the start and end time of phase transfor-

mations (Fig. 3).

The plotted isothermal diagram demonstrates 

S-curves of pearlite transformation are well presented by 

parabolic functions (a correlation coefficient of 0.99): 

4 2

4 2

60.3604 0.2000 1.6726 10 ,

93.4498 0.3148 2.6875 10 ,

s

f

Y T T

Y T T

−

−

= − + ⋅

= − + ⋅  (2)

а

b

Fig. 1. The relation between 
the resolved austenite fraction 
and time at isothermal soaking 
600 °С (a) and 250 °С (b): 
1 — Kolmogorov-Avrami 
equation; 2 — logistic function; 
3 — experimental data

а b

c d

Fig. 2. Structure components of steel at various soaking temperatures:
 а — 700 °С (pearlite-type structures); b — 550 °С (a combination 

of pearlite and bainite); c — 450 °С (upper bainite structure, arrows 

indicate the residual austenite); d — 300 °С (lower bainite structure)

Fig. 3. Isothermal curve (TTT) of the overcooled austenite 
decomposition

50 μm

50 μm

50 μm

50 μm



CIS Iron and Steel Review — Vol. 20 (2020), pp. 55–60 Metal science and metallography

58

where lg( )Y t= , indexes s and f refer to start and end of 

phase transformation, respectively. S-curves of the bainite 

transformation are well approximated by a third degree 

polynomial function (correlation coefficients of 0.9 and 

0.99, respectively):

4 2 7 3

4 2 7 3

0.0383 1.4656 10 1.4208 10 ,

0.04864 1.7288 10 1.6907 10 ,

s

f

Y T T T

Y T T T

− −

− −

= − ⋅ + ⋅

= − ⋅ + ⋅  (3)

Further, equations (2) and (3) are used to estimate 

structure-phase compositions when accelerated cooling 

of rolled products.

4. Mathematical model to describe the structure 
and phase composition formed when accelerated cooling 

rolled products 

The first objective within the mathematical simula-

tion of structure and phase states when cooling is to find 

the relation between a product temperature and time. For 

this purpose it is necessary to solve a heat conductivity 

equation with boundary conditions of the third kind or 

use experimental curves of cooling. Cooling curves are 

adequately described by the linear equation:

0T T Gt= − , (4)

where G — cooling rate, T0 — input temperature, t — time.

The second step represents the digitalization of a tem-

perature function at time points tn=nτ, where temperature 

is stable in a range from tn to tn+1, and estimated as Tn+1/2 =

= (T(tn) + T(tn+1))/2. A degree of isothermal austenite 

transformation (Х1), written as a function of transforma-

tion time (τ) to pearlite, is determined according to the 

Avrami equation; its coefficients are calculated by a for-

mula:

( )

lg(ln(1 ) / ln(1 ))
( ) ,

( )
lg

( )

( )
( ) .

ln(1 )

s f

s

f

m T
s

s

X X
m T

t T
t T

t T
k T

X

− − −
=

⎛ ⎞
⎜ ⎟
⎝ ⎠

= −
−

 (5)

A degree of isothermal austenite transformation into 

bainite was assessed by a logistic function; its coefficients 

are determined using the following formulae:

(1 / ) 1
ln

(1 / ) 1

lg

f

s

f

s

X

X
a

t

t

−⎛ ⎞
⎜ ⎟−⎝ ⎠

=
⎛ ⎞
⎜ ⎟⎝ ⎠

, 
1

ln 1 lg s
s

b a t
X

⎛ ⎞
= − −⎜ ⎟⎝ ⎠

. (6)

It was suggested fractures for the time points of start ts  

and end tf of pearlite and bainite transformations in these 

formulae are Xs = 1% and Xf  = 99%, respectively. The 

time limits of the phase transformation were determined 

by formulae (2) and (3).

Therefore, a plane of an isothermal diagram is divided 

into zones where the only phase of transformation can 

exist. Given the transformation is not isothermal; cal-

culations are conducted according to a formula derived 

from the Steinberg-Sheile integral. In this case, a constant 

cooling process is presented as a series of isothermal tem-

pering phases at temperatures of Tn+1/2 for a time from tn 

to tn+1. Thus, a time of isothermal transformations (τn) 

can be determined by formulae (2) and (3) with respect 

to the certain transformation phase. A number of trans-

formations can be stated by a relation tn / τn function Х for 

all previous points of time. The matter of the Steinberg-

Sheile relation is that it is reduced to an equation in X for 

the discrete transformation:

1 ( ( ), )

t
n

n n n

t
X t T= τ∑ . (7)

For a continuous problem a sum (6) transforms to 

the integral, and we obtain an integral equation in X(t) to 

determine the fraction. It is proposed to solve this equa-

tion (13) by the method derived from papers [33–35].

Volume fractions of austenite — V1, pearlite — V2, 

bainite — V3, and martensite — V4 are introduced. 

The sum total of structural elements fractions is V1 + V2 +

+ V3 + V4 = 1. The fraction of austenite for n + 1 can be 

estimated provided that all structural components of the 

transformation are determined for n + 1. We assume the 

only transformation of austenite to another phase is pos-

sible at time from tn  to tn+1, and use, therefore, intergradu-

ated values of a fictive volume fraction of i-phase: 

1( )

i
i eq

i i

V
X

V V V
=

+
, (8)

where Vi
eq – equilibrium values of a volume fraction 

for structural components. Для перлита равновесное 

значение объемной доли будет иметь вид: V2
eq =

= (Ac1 – Tn+1/2)/( Ac1 – TBS), а для бейнита V3
eq =

= (TBS – Tn+1/2)/(TBS – TBF), TBF � MS [36], where TBS, 

TBF — limit temperatures of the bainite transformation, 

respectively; MS — initial temperature of martensitic 

transformation.

Thus, the phase composition is determined according 

to the following algorithm: 

1. Experimental data are necessary to determine tem-

peratures: Aс1, TBS, TBF, MS. A thermal trajectory is set 

T(t), as well as volume fractions of phases: V1 =1, Vi = 0 

(i = 2,3,4) at the start time; 

2. A time-cycle with a step Δt is organized, values Tn + 1/2,

Xi
n are known. A temperature region containing Tn + 1/2 is 

determined. If it is not a martensite range, its number i0 is 

recorded, a fictive time of the isothermal transformation 

is calculated τi
n at a temperature Tn +1/2 and a fraction Xi

n 

is determined using the following formulae:

1/ ( )
ln(1 )

ln(1 )

m Tn
n i
i s

s

X
t t

X

⎛ ⎞−
= ⎜ ⎟−⎝ ⎠

 — for the pearlite transfor-

mation;

(1/ ) 11
ln

(1/ ) 1

10

n
i

s

X

a Xn
i st t

⎛ ⎞−
⎜ ⎟

−⎜ ⎟⎝ ⎠= — for the bainite transforma-

tion.  (9)
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The next step is to find a fictive fraction 1n
iX +  by the 

Avrami equation or logistic function at a time 
n
it t= + τ , 

and finally, a real volume fraction is calculated for a step 

n + 1:

1 1
1( )n n eq n n

i i i iV X V V V+ += +  and 
0

1 1
1

2

1
i

n n
i

i

V V+ +

=
= − ∑ . (10)

The transformation is suggested to be complete at 
1 0.n

iV + ≤
We adopted the above presented algorithm to develop 

a calculation procedure and determined the pattern of 

phases at various times and for different cooling rates. 

To verify the calculation outcomes the metallography 

research was carried out while samples were examined 

via optical microscopy and dilatometric studies were per-

formed to find out how long phase transformations are 

for different rates of uninterrupted cooling. The data col-

lected by the planimetric method of optical microscopy 

were used to detect a volume fraction of steel structure 

components. A period of phase transformations was es-

tablished with the help of curves “elongation – time”, 

in particular, a separation point of a tangent line from a 

linear part of thermal expansion before and after phase 

transformation.  

Table 2 provides the results of calculations and experi-

ments.  

From the data of the table it is apparent the de-

composition of austenite is compliant with the pearl-

ite mechanism at cooling rates of 0.1 °С/s and 1 °С/s; 

this phenomenon was proved to be true experimentally. 

The resolving of austenite at cooling rates from 5 to 

7.5 °С/s flows according to the pearlite and martensite 

mechanisms. The estimated volume fractions of pearl-

ite at cooling rates of 5 °С/s and 7.5 °С/s are as high as 

0.9 and 0.72; that is slightly above experimental values, 

whereas a fraction of pearlite is not so high as an experi-

mental value for G = 10 °С/s. Such a discrepancy with 

experimental data might be the consequence of faulty 

measurements of temperature Ac1 [36] and dimensional 

changes of the austenite grain [37]. The estimated values 

of bainite fraction at G = 5 °С/s and G = 7.5 °С/s are 0.01 

and 0.05, although it is undetectable by the methods of 

optical microscopy. Probably, bainite is beyond the mi-

croscope resolution in these conditions. The increasing 

a cooling rate to 30 °С/s neutralizes completely bainite 

and pearlite transformations. A total amount of austenite 

turns into martensite. 

Estimated periods of phase transformations (see 

Table 2) decrease as a cooling rate is reduced; this fact is 

in line with experimental results.  

6. Conclusion

The study was focused on the processes of phase 

transformations in the rapidly cooled high-carbon steel. 

Analyzing dilatometric curves we found out the pearlite 

transformation kinetics is adequately characterized by the 

Kolmogorov-Avrami equation, and the logistic function 

can be applied to the bainite transformation. We plotted an 

isothermal diagram of phase transformations. This diagram 

shows start and end curves of austenite decomposition are 

well-approximated with second degree (pearlite transforma-

tion) and third degree polynomials (bainite transformation). 

The metallographic studies determined a bainite transition 

temperature of 550 °С. The critical points Ac1 = 711 °С and 

Ms = 196 °С were revealed in the dilatometric analysis. 

Using the outcomes of experiments we proposed the 

mathematical model of phase transformations in the steel 

for a variety of cooling rates and the calculation program. 

The pearlite transformation was shown to be a dominant 

one for low cooling rates 0.1 °С/s and 1 °С/s. At cooling 

rates of G = 5 °С/s and 7.5 °С/s austenite tends to turn 

into pearlite and martensite; in addition, a fraction of 

pearlite structures is slightly higher than in experimental 

data, whereas a fraction of pearlite is as high as 0.13 for 

G = 10 °С/s 0.13; that is lower than in experiments. This 

difference between simulation and experimental data re-

sults from the deficient measurements of temperature Ac1 

and dimensional changes of the austenite grain. When 

increasing the rate of cooling up to 30 °С/s a total amount 

of austenite resolves according to the martensite mecha-

nism, as shown experimentally. 

The proposed algorithm and calculation program may 

be relevant for the developing a technology of thermal 

steel hardening.
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