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Abstract
The aim of the work was to determine the diagrams of phase evolution under equilibrium conditions and numerical simulation of austenite phase transformations under non-equilibrium conditions, as well as to determine CCT
(Continuous Cooling Transformation) and TTT (Temperature Time Transformation) diagrams with the use of
JMatPro software. The subject of the analysis were two newly elaborated multiphase steels assigned for production
of forgings: steel A, containing of 0.165% C, 2% Mn, 1.11% Si and steel B, containing 0.175% C, 1,87% Mn, 1%
Si, 0.22% Mo and Ti and V microadditions at a concentration of 0.031% and 0.022%, respectively. The performed
simulation revealed that the investigated steels have similar critical temperatures under equilibrium conditions:
Ac1 ~ 680°C, Ac3 ~ 830°C. The chemical composition of steel B and the interaction of Mo, Ti and V in particular,
determine that diffusion transformations, i.e. ferritic and pearlitic, in the elaborated CCT and TTT diagrams are
significantly shifted to longer times in relation to the position of these transformations in the diagrams for steel A.
A distinct delay also concerns the bainitic transformation. Moreover, it was found that the MS temperature of steel
B is slightly lower. The determined CCT and TTT diagrams are essentially helpful in the development of heat and
thermo-mechanical treatment conditions for new steel grades.
Keywords: numerical simulation, CCT diagram, TTT diagram, multi-phase steels

Introduction
In recent years, there has been a distinct progress in the field of methods and tools which enable
the modelling and simulation of manufacturing
processes, processing and shaping the microstructure as well as the mechanical properties of engineering materials. Computer aided calculations –
used both in scientific research and in the industrial practice, create an opportunity to significantly
reduce costs by decreasing the quantity of necessary experiments. In this context, the possibility
to model phase transformations and determine the
CCT and TTT diagrams becomes crucial, which
is principally important for newly elaborated steel
grades. There are two areas that can be identified
in the modelling of austenite transformations. The
first is related to the description of the course of
austenite transformations during cooling, while
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the second one – includes calculation of transformation temperature, hardness and the fraction of
structural components. The models, based mainly
on the Johnson-Mehl-Avrami [1, 17] and Koistinen [23] equations, allow calculating the volume
fraction of the transformation product at a given
temperature. Thermodynamic models are of great
importance [4, 21].
There are numerous literature reports on
phase transformations in steel, but only their
small part concerns the calculation of the CCT
and TTT curves [8, 14, 26, 30]. Pioneering works
in this field, published by Kirkaldy et al. [18–20],
revealed the possibility to calculate precise curves
of phase transformations for low-alloy steels. A
slightly different methodology for determining
the curves of austenite transformations was proposed by Bhadeshia in [2–4], where he examined
the developed model and compared the obtained
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curves with those acquired on the basis of the
experiment. The model of Bhadeshia has been
extended by Lee [24] so that it was also acceptable for the steels with higher concentration of
elements. Nowadays, owing to the use of thermodynamic models, it is possible to determine the
phase transformations curves for different groups
of steels, with high accuracy. New models keep
being proposed, based both on considerations and
methods using empirical data, which can be applied in a wide range of mass concentrations of
elements or are dedicated to a specific group of
steels. It should be taken into consideration that
each modelling method requires the access to the
database, which is necessary when calculating the
parameters of the model and during its verification [5, 16, 29, 38, 39, 42].
Application of multiphase steels with retained
austenite for forgings is a response to the current
demand of the automotive industry. Forgings of
these steels meet the quality requirements in a
wide range and combine high strength, crack resistance and fatigue strength. This is indicated by
the works carried out in recent years, mainly in
German [13, 18] and Japanese [32–35] centres. A
distinctive characteristic of these steels is the presence of plastic retained austenite, which is possible through its stabilisation with increased concentration of C, several-stage heat treatment, and
the presence of Si, which delays precipitation of
cementite in bainitic ferrite. Despite the performed
research, the optimal conditions for hot working
and the temperature-time profiles of several-stage
cooling, ensuring combination of all the aforementioned properties, have not been developed yet.
Acquiring a desired multiphase microstructure with proper fractions of individual components, which determines obtaining optimal set of
mechanical properties, requires the knowledge of
the austenite transformations diagrams. Hence,
the aim of this study was to determine the phase
evolution diagrams under equilibrium conditions
and numerical simulation of the austenite phase
transformations as well as determination of the
CCT and TTT curves for the newly elaborated
multiphase steels.

Materials and Methods
Chemical composition of tested steels (Table 1)
was developed in terms of the possibility to produce multiphase forgings with retained austenite.
The ingots were melted in a VEM I20 electric
induction furnace with a corundum lining. The
metal charge, Armco iron sheets, was melted with
a strictly defined addition of carburizer in a form of
synthetic graphite, FeSi75A ferroalloy and pure Mn
(steel A), and in the case of steel B – pure Mo, Ti and
V. Pouring temperature of molten steel was measured each time using a Pt-PtRh10 thermocouple
with the DIGILANCE IV sensor from HARAEUS
ELECTRO-NITE. The pouring temperature in the
case of steel A was equal to 1672°C, and 1650°C
in the case of steel B. The method of top pouring
of sand moulds, made of self-hardening moulding
mass on a quartz sand matrix with a furan resin binder, was used in the steel casting process. Ingots with
a diameter of 30 mm and a length of 400 mm were
produced using the described method. The chemical
composition of the prepared steel ingots was determined with the use of the LECO GDS500A glow
discharge optical emission spectrometer.
The analysed steels have a similar carbon content (0.165% and 0.175% – steel A and B, respectively), and the concentration of Mn, due to its
solution hardening, increase in hardenability and
austenite-forming effect, is equal approx. 2%. Si is
essential for stabilisation of the retained austenite
in the examined steels. This element is not soluble
in cementite, what usually occurs during bainitic
transformation [7, 9]. Similar effect can be noted
also for aluminium. In the case of the presence of
Si and/or Al, precipitation of carbides does not occur during bainitic transformation – carbon diffuses
to austenite, favouring its thermal stabilisation [10,
36, 37]. In order to further strengthen and lead to
refinement of microstructure [12, 28], an addition of
Mo in a concentration of about 0.2% was introduced
into steel B, along with Ti and V microadditions in a
concentration of 0.031% and 0.022%, respectively.
With the aim to determine the phase evolution
diagrams under equilibrium conditions and numerical simulation of austenite phase transformations

Table 1. Chemical composition of investigation steels
Steel

Mass contents, wt %
C

Mn

Si

P

S

Mo

Cr

Ti

V

A

0.165

2.00

1.11

0.014

0.020

–

0.028

–

–

B

0.175

1.87

1.02

0.014

0.020

0.218

0.028

0.031

0.022
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as well as to determine the CCT and TTT curves,
the JMatPro software was used (database ver. 11.2)
general steel module [31]. The JMatPro software
toolkit, which is an acronym for Java-based Materials Properties, was developed by Sente Software
Ltd. to predict a wide range of material properties.
Some of the many possibilities of this software include numerical simulation of phase transformations and the possibility to determine CCT and TTT
curves. The JMatPro software synergistically uses
thermodynamics and physical models to describe
the phase transformations in steel. In order to explain the CCT and TTT curves, the model proposed
in [19, 21, 22] was applied, based on the equations
developed by Hillert and Zener [15, 41]. The austenitizing temperature of 1100°C was taken for theoretical calculations, which is the temperature close
to industrial conditions for this type of steel.

Results
First, theoretical calculations of phase evolution as a function of temperature were performed
with the use of the JMatPro software. The diagram
of individual phases evolution under equilibrium
conditions for the steel containing 0.165% C, 2%
Mn and 1.11% Si (steel A) is presented in Fig. 1.

The diagram (Fig. 1a) reveals that the austenite is present in a temperature range from about
1472°C to approximately 830°C. The allotropic
transformation of austenite into ferrite begins at
the temperature of 830°C, and progresses to the
temperature of approx. 680°C. This means that
the Ac3 temperature, calculated for the analyzed
steel, approximates 830°C, and the Ac1 temperature amounts to about 680°C.
The performed calculations also revealed that
under equilibrium conditions below the temperature of 700°C, cementite and M7C3 and M23C6
type carbides may precipitate, causing a decrease
of austenite stability. The data presented in Fig. 1b
(enlarged lower left part of the diagram from
Fig. 1a) shows that the temperature of the beginning of cementite precipitation approximates
700°C, while the process of M7C3 type carbides
precipitation starts at the temperature of 470°C.
Carbides of this type, with their small fraction in
microstructure, will be stable up to the temperature of approx. 125°C, in which a negligible fraction of M23C6 type carbides can be formed. The
conducted analysis revealed that the microstructure of steel A at room temperature may contain
insignificant portion of carbides. It should be emphasised that presented phase evolution concerns
cooling under equilibrium conditions.

a)

b)

Figure 1. Phase evolution diagram of the steel A (0.165% C, 2% Mn and 1.11% Si) in equilibrium conditions: full diagram (a); left bottom magnified part of the diagram (b)
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Figure 2a shows the CCT (Continuous Cooling Transformation) diagram, and Fig. 2b presents the TTT (Temperature Time Transformation)
diagram, calculated for steel A for non-equilibrium cooling conditions. The conducted calculations revealed that the Ac1 temperature is slightly
higher than the temperature obtained under equilibrium conditions (680°C) and is equal approx.
704°C. The reason for this difference is probably
decreased diffusion rate in relation to high heating
rate [27]. The analysed steel has a relatively low
martensitic transformation start temperature MS,
amounting to about 375°C. Cooling at the rate in
a range from 100°C/s to 20°C/s assures obtaining purely martensitic microstructure (Fig. 2a),
with calculated hardness equal approx. 408 HV.
The ferritic transformation starting temperature
decreases from approx. 800°C for the cooling
rate of 0.01°C/s to approx. 520°C for the cooling
rate of 10°C/s. In the investigated steel, bainite
was formed at the temperature lower than 490°C
and/or cooling rate lower than 10°C/s. The

three-phase microstructure of steel, which includes martensite, bainite and ferrite, occurs in
a relatively narrow range of cooling rates, i.e.
from 10°C/s to 2°C/s. The calculated hardness
of the steel, cooled in the analysed cooling rate
range, decreases from approx. 400 HV to about
275 HV. Applying a cooling rate of less than
1°C/s results in the formation of pearlite in microstructure. The examined steel A, containing
0.165% C, 2% Mn and 1.11% Si, cooled very
slowly, under conditions close to equilibrium
will demonstrate ferritic-pearlitic microstructure
with hardness of about 180 HV.
The results of simulation carried out under
isothermal conditions for steel A are presented in
Fig. 2b. It results from presented data that the time
required to form ferrite nuclei is longer than the time
required to start the bainitic transformation. Formation of bainite at the temperature of 450°C should
start after 10 s and finish after 200 s. At the temperature of 400°C, the bainitic transformation should
begin after 20 s and end after 300 s. This means that

a)

b)

Figure 2. Non-equilibrium diagrams for the steel A (0.165% C, 2% Mn and 1.11% Si): CCT diagram (a);
TTT diagram (b)
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the time required to complete the bainitic transformation increases along with temperature decrease.
The diagram presented in Figure 3 shows the
changes in the percentage of individual phases as
a function of temperature under equilibrium conditions for steel B, to which, apart from Mn and
Si, an addition of Mo at a concentration of 0.22%
was introduced along with Ti and V microadditions at a concentration of 0.031% and 0.022%,
respectively. Figure 3a shows that the crystallisation process of the examined steel begins at the
temperature of approx. 1490°C, and 100% portion
of austenite occurs in a temperature range from
about 1440°C to about 835°C. At this temperature, the g→a allotropic transformation begins
and proceeds to the temperature of approx. 680°C.
The diagram presented in Fig. 3b reveals that precipitation of cementite starts at the temperature of
approx. 710°C, and at the temperature of about
565°C its anyhow small fraction will be decreasing in favour of the M7C3 type carbides. Moreover,
carbides of the M6C type may appear in the microstructure at the temperature lower than 190°C.
The CCT and TTT diagrams, calculated for
steel B for non-equilibrium cooling conditions,
are presented in Fig. 4a and Fig. 4b, respectively.
The performed calculations revealed that the Ac3
temperature is approximates 836°C, and the Ac1

temperature is about 710°C and it is about 20°C
higher than the temperature calculated for equilibrium conditions. Furthermore, as expected, the
Ac1 temperature determined under non-equilibrium conditions for steel B is slightly higher than
the Ac1 temperature calculated for steel A under
the same conditions. The reason for this is the
presence of Mo and also Ti microaddition in steel
B, which impact the increase of the Ac1 temperature. The determined MS temperature is equal to
370°C and is a few Celsius degrees lower than
the MS temperature calculated for steel A. A slight
decrease in MS temperature of steel B is the result
of higher carbon concentration and the presence
of molybdenum addition. The examined steel B
will obtain purely martensitic microstructure with
hardness of approx. 416HV for the cooling rate
in a range from 100 °C/s to 10 °C/s (Fig. 4a). On
the other hand, steel B will have a microstructure
consisting of martensite and bainite in the cooling
rate range from 9°C/s to 0.7°C/s, with hardness
decreasing in this cooling rate range from approx.
415 HV to about 320 HV.
What is noteworthy is a distinct shift of the ferritic transformation to the right, towards longer times
and, to a lesser degree, also of the pearlitic transformation compared to the position of these transformations on the CCT diagram for steel A. The

a)

b)

Figure 3. Phase evolution diagram of the steel B (0.175% C, 1.87% Mn, 1% Si, 0.22% Mo, 0.031% Ti and
0.022% V) in equilibrium conditions: full diagram (a); left bottom magnified part of the diagram (b)
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a)

b)

Figure 4. Non-equilibrium diagrams for the steel B (0.175% C, 1.87% Mn, 1% Si, 0.22% Mo, 0.031% Ti and
0.022% V): CCT diagram (a); TTT diagram (b)

temperature of the ferritic transformation start varies
from approx. 790°C for the cooling rate of 0.01°C/s,
to about 560°C – for the cooling rate of 0.6°C/s.
In the studied steel B, bainite is formed at the temperature lower than 510°C and/or at the cooling rate
lower than 10°C/s. Comparing the CCT diagrams for
both steels, slightly higher hardness values for steel
B can be noted in the entire range of cooling rates.
The simulation results in the form of a TTT
diagram under isothermal conditions for steel B
are presented in Figure 4b. The data compiled in
this figure shows that the bainitic transformation
at the temperature of 450°C should start after 20 s
and finish after 400 s. This proves that the bainitic
transformation bay is shifted towards longer times
in relation to its position on the TTT diagram for
steel A (Fig. 2b). Even stronger offset to the right in
relation to steel A concerns the ferritic and pearlitic
transformations. For example, the time to start the
ferritic transformation for steel A at the temperature of 650°C approximates 30 s, while it is about

400 s for steel B; the end times of this transformation at mentioned temperature are equal to 2000 s
and 5000 s – for steel A and B, respectively.
The effectiveness of the JMatPro software
for predicting the TTT and CCT diagrams has
been confirmed in many studies. The calculations of the TTT and CCT diagrams for multiphase steel with similar chemical composition as
the analysed steel B were performed in [11]. The
obtained results for 0.2C-1.5Mn-0.5Si steel with
Nb and Ti microadditions with a concentration of
0.027% and 0.010%, respectively, were verified
by conducting dilatometric tests. The acquired
experimental curves were found to be highly consistent with the theoretical curves, both in terms
of the determined critical temperatures and the
temperature-time ranges of individual austenite
phase transformations. The same issues were the
subject of research on the newly developed multiphase TRIP steel (0.2C-1.47Mn-0.69Si-1Al)
with a microaddition of Nb in a concentration
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of 0.04% [40]. The determined TTT diagram for
the investigated steel was very consistent with
the experimental results. Similarly satisfactory
results, concerning the calculation of austenite
phase transitions diagrams for multiphase steels –
experimentally verified – were obtained in the
works [6, 16, 25, 26].

Conclusions
The application of the JMatPro software allowed determining the evolution of phase components as a function of temperature under equilibrium conditions, numerically simulate austenite phase transformations and to determine the
CCT and TTT curves of the newly developed
multiphase steels.
The performed simulation of phase evolution
as a function of temperature for the equilibrium
conditions revealed that the newly developed
steels have a similar Ac1 and Ac3 temperatures,
which approximate 680°C and 830°C, respectively. Under equilibrium conditions, in a temperature range from approx. 700°C to approx. 565°C,
cementite may precipitate in the analysed steels.
In addition, in lower temperature range, carbides
of the M7C3 and M23C6 type can be present in the
microstructure of steel A and carbides of the M7C3
and M7C3 type in steel B, with their total portion
being negligible.
The performed calculations for non-equilibrium conditions revealed that the Ac1 and Ac3 critical
temperatures for both steels are somewhat higher
than those determined for the equilibrium conditions. The reason for this is probably too low diffusion rate in relation to the rapid heating rate. The
conducted simulation showed that the interfacial
boundaries and temperature-time zones of individual austenite phase transformations for steel B
are shifted towards longer times in relation to the
austenite phase boundaries for steel A. On the basis of the analysis of the developed CCT and TTT
diagrams, a significant delay of diffusion transformations, i.e. ferritic and pearlitic, was stated,
a shift to longer times of bainitic transformation,
and also a minor decrease of the MS temperature.
The decisive factor for the shift of austenite phase
boundaries in steel B is the presence of Mo and
microadditions of Ti and V.
The form of the CCT and TTT diagrams, obtained on the basis of the simulation, indicates
the possibility to produce steel forgings with the
132

proposed chemical composition and desired multiphase microstructure. However, it should be
taken into account that the models implemented
in commercial software include necessary simplifications and the obtained results may contain
errors. Therefore, the next stage of the research
is to experimentally verify the acquired calculations using the dilatometric method for the newly
developed multiphase steels.
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