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ABSTRACT

Purpose: The paper presents empirical formulas for the calculation of Continuous Cooling
Transformation (CCT) diagram basing on the chemical composition and austenitizing
temperature.

Design/methodology/approach: In the method of calculating CCT diagrams proposed
in the paper, two types of tasks are solved. First task is classification and consists in
determining the range of cooling rate for particular phase transformations. The second
task is regression, which aims at calculating the transformations temperature, hardness
and volume fraction of phases in steel. The model of CCT diagrams was developed using
multiple regression and logistic regression methods.

Research limitations/implications: CCT diagrams can be calculated according to the
presented method, if the chemical composition of steel meets the criteria defined by the
application range of the model.

Practical implications: The formulas presented in the article can be used to determine
the conditions for heat treatment of structural steels.

Originality/value: The paper presents the method for calculating CCT diagrams of the
structural steels and engineering steels, depending on their chemical composition as well
as austenitizing temperature.

Keywords: Computational Materials Science, Steel, Regression analysis, CCT diagrams
Reference to this paper should be given in the following way:
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ANALYSIS AND MODELLING

1. Introduction

Knowledge about the transformation of supercooled
austenite helps, among other things, determine the
conditions of heat treatment operations such as quenching,

normalizing or full annealing. The Continuous Cooling
Transformation (CCT) diagrams provide information on
the transformations start and finish temperatures, hardness
of steel and volume fractions of structural constituents for
particular cooling rate. The shape of CCT diagrams depend
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mainly on the starting structure of material, chemical
composition of steel, and the temperature and austenitizing
time [1-3].

Attempts to model transformations of supercooled
austenite were and still are taken, in parallel to
experimental studies. There are two areas in modelling
austenite transformations. One is linked to description of
the course of austenite transformations during cooling. The
other one involves calculating characteristics of steel
presented by CCT  diagrams: temperatures of
transformations, hardness, volume fraction of structural
constituents. ~ Mathematical ~models of austenite
transformation kinetics are defined by parameters, the
values of which need to be determined based on the results
of experimental studies or estimated using other models. In
many cases, thermo-dynamical calculations, experimentally
determined CCT diagrams or models allowing to calculate
the diagrams in full, or modes limited to selected
characteristics provide appropriate data. Having a CCT
diagram for steel with a known chemical composition and
for determined austenitizing conditions is important for
correct modelling of heat treatment as well as thermo-
mechanical treatment [4-6]. The models proposed in the
literature are characterized by various level of
simplification, which translates into various level of
compliance with the phenomena occurring while cooling
steel. Phase transformation models are necessary for
simulation of technological processes of heat treatment or
thermomechanical treatment and, as a consequence, design
and optimizing of industrial processes.

There are two approaches to modelling supercooled
austenite transformations. One is based on theoretical
considerations, including thermodynamic calculations, the
theory of diffusion, the theory of nucleation and growth.
The works started — among others — by Kolmogorov [7],
Avrami [8], Johnson and Mehl [9], Sheil [10], Zener [11],
Hillert [12], Kirkaldy [13] and Bhadeshia [14] constitute
a starting point for further analysis, the results of which are
broadly represented in the global literature. The values of
the model's parameters are in most cases determined based
on empirical data, many times using regression, and the
solutions are often obtained using numerical methods
[15,16].

The other approach is related to analysis of
experimental data using regression methods. The multiple
regression method is especially significant. Although first
formulas describing temperatures of phase
transformations were presented by Payson and Savage
[17] and Carapella [18] more than fifty years ago, new
models are still proposed and might be used for various
groups of steel. Many of the empirical formulae was
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collected in the works [19,20]. These formulas applies to
selected transformation temperatures or hardness of steel.
In addition to the multiple regression method, artificial
neural networks are used as well [21-24]. The
development of a representative set of empirical data is a
precondition for the development of an adequate model.
New results of investigation for commercial steels and
model alloys as well as easy access to information
provide great chance in this field.

Considering the information presented above, it can be
concluded that calculating CCT diagram for steel with
known chemical composition and for determined
austenitizing conditions is helpful not only for determining
the conditions of heat treatment operations, but also for
calculating the parameters of phase transformation models
using various methods. The calculation of the CCT
diagram is an alternative solution for dilatometric and
metallographic tests, as it reduces the time needed to obtain
results and reduces the costs of laboratory tests.

The results of own research connected with modelling
CCT diagrams of steel using multiple regression method
as well as logistic regression method were presented in
the papers [25-29]. In the papers [26,29], formulas for the
purpose of the calculations of the transformations
temperatures of supercooled austenite were presented.
The paper [27] presents results of original work related to
the modelling of hardness of steel cooled continuously
from the austenitizing temperature. In the papers [28],
formulas for the purpose of the calculations of the volume
fractions of the structural constituents were presented.

The goal of this article is to present the complete model
of CCT diagrams, which was developed using multiple
regression and logistic regression methods. The article also
presents formulas for calculating the temperature lines of
the finish of transformations: ferritic, pearlitic and bainitic.
These formulas were not published in previous articles.

2. Data for calculation

The preparation of a representative empirical data set
has had a basic significance for the development of the
method for calculating CCT diagrams. The set of empirical
data was developed on the basis of publications containing
CCT diagrams for structural and engineering steels. More
than 550 CCT diagrams for structural and engineering
steels were taken advantage of. The dataset prepared to
develop the model was divided into the training and
verification sets. The verification data set contained
25 CCT diagrams. Data from this set were used for
numerical verification of the model.
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CCT diagrams shape depend primarily on the chemical
composition of steel and the austenitizing temperature as
well as austenitizing time. However, vectors including data
to calculate model parameters must contain value of all
variables. The information regarding the austenitizing time
as well as the austenite grain size was not available on the
most of the CCT diagrams. Therefore, it was necessary to
simplify and reduce the number of independent variables. It
was determined that the independent variables of the CCT
diagrams model would be the mass fractions of the
elements: C, Mn, Si, Ni, Cr, Mo, V, Cu as well as
austenitizing temperature.

Statistical analysis of data was performed to determine
the range of independent variable values in which the
formulas of the CCT diagrams model could be used. The
values of independent variables should evenly fill the
domain of the approximate function. Distributions of
independent variable values were examined using
descriptive statistics, scatterplots and histograms made for
one as well as two independent variables. It was checked
whether there were outliers of variables and multi-
collinearity of independent variables was analysed.
Detailed information on statistical analysis of data has been
presented in [20]. The range of mass fractions of
the elements in which the model can be used is shown in
Table 1. The additional conditions limiting the range of
application of the model are presented in Table 2.

Table 1.
Range of mass fractions of elements

Mass fractions of elements, %
C Mn Si Cr Ni Mo V Cu
min  0.10 028 0.13 0 0 0 0 0
max 0.68 198 190 25 3.85 1.05 0.38 0.38

)
=
<

a7

Table 2
Additional conditions limiting the range of model
application

Mass fractions of elements, %
Mn+Cr  Mn+Cr+Ni Cr+Ni Mn+Ni
max 3.6 5.6 5.3 4.5

3. Method and results

The CCT diagrams model is based on the assumption
that it is necessary to solve two types of tasks for their
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correct calculation. First task is classification and consists
in determining the range of cooling rate for particular phase
transformations. The second task is regression, which aims
at calculating the transformations temperature, hardness
and volume fraction of phases in steel.

For the prediction of the CCT diagram of steel with a
known chemical composition, formulas have been
developed on the basis of which it is possible to calculate:

e Pearlite into austenite transformation start temperature
during heating Ac;,

e Ferrite into austenite transformation finish temperature
during heating Ac;,

e Maximum temperature of bainitic transformation By,

e Martensite start temperature Mgy,

e Temperature line of start austenite into ferrite

transformation F,,

e Temperature line of finish austenite into ferrite
transformation Fy,

e Temperature line of start austenite into pearlite
transformation Py,

e Temperature line of finish austenite into pearlite
transformation Py,

e Temperature line of start austenite into bainite
transformation By,

e Temperature line of finish austenite into bainite
transformation By,

e Temperature line of start austenite into martensite

transformation M,

e Volume fraction of: ferrite F, pearlite P, bainite B,

martensite M,

o Steel hardness, HV.

The formulas describing the influence of the chemical
composition, austenitizing temperature as well as cooling
rate on the transformations temperature are presented in
equations (1)-(11).

Ac; =742—-29-C—14-Mn+125-Si+16-Cr )
—16.8-Ni—16-Mo+45-V +36-Cu

Acy =925 —219.4-VC—7-Mn+39-Si — 16 Ni @)

+13.5-Mo+97-V

Bsmax
=771-2315-C—-68.7-Mn—23-Si—585 (3)
-Cr —30.8-Ni—554-Mo—41-V

Msmax
=541 -401-C—-355-Mn—-10,5-Si—14.2 4)
Cr—18-Ni—17-Mo




Journal of Achievements in Materials and Manufacturing Engineering

F, =857 —257.5-C — 68.5-Mn +23-Si — 19.8
Cr—37.8-Ni—20-Mo+33.7-V+265-Cu (5)
+0.075-T, —17.2- {fv.

F = 802—57+C — 745 Mn+225-Si — 9.2
Cr —37.7-Ni—525-Mo—35-V—186  (6)

P, =780 -29.7C—65 Mn+238-5i-293-Ni
—26-Mo—21-Cu—174-"[v, @

Pr =707 —42,5-C — 65+ Mn + 21 Si —30.6 - Ni
—54-Mo—39-V+37-Cu+0047-T, —21 (8)

B; =675—-212-C—56.8-Mn—17-Si —48.7-Cr
—29-Ni—605-Mo—94-V +0.056-T, 9)

- 1.66 - 3/v,

Bf =439—-240-C—17-Mn—23.5-Si—32.7-Cr

. s (10)

—94-Ni—17.7-Mo +5.73 - /v,

M, =411-328-C—127-Mn—2.5-Cr — 8.5
“Ni—16-Mo +34-Cu+ 6.7 v, (b

where:

C, Mn, Si, Cr, Ni, Mo, V, Cu — mass fractions of the

alloying elements; %;

T4 — austenitizing temperature, °C;

v, — cooling rate, °C/min.

Calculation of transformations temperature lines on the
CCT diagram required the calculation not only of the
transformation  temperature  value but also the
determination of the cooling rate range in which this
transformation occurs. To solve this problem, classifiers
were included into the model. The aim of the classifiers
was to determine if the analysed transformation takes place
in a steel with a known chemical composition and known
austenitizing temperature during cooling at the assumed
rate. Four classifiers were made in which the dichotomous
dependent variable (W,) answers the question whether
there is transformation under these conditions: ferritic (W),
pearlitic (Wp), bainitic (W), martensitic (W,). In this way,
information was obtained regarding the type of structural
constituents that are in the steel after cooling at a assumed
rate. The results of classifiers calculations were used to
calculate: transformations temperatures, hardness and
volume fraction of structural constituents.
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The dichotomous dependent variable W, (12),
describing the occurrence in the steel of the: ferrite,
pearlite, bainite, martensite is equal to O (there is no phase
in steel), if the calculated with formula (13), the value of
variable S, is not greater than a threshold value (N). The
threshold value N was determined by means of minimizing
the number of incorrect classifications.

_(OforSy <N
Wy = {1 for Sy >N (12)
exp(K.
Sy = xp (Kx) (13)
1 + exp(Ky)

where:

X=f (ferrite), p (pearlite), b (bainite), m (martensite);
N=0.5 for ferritic and pearlitic as well as martensitic
transformations;

N=0.4 for bainitic transformation.

where:

Kf =184 —154-C—19-Mn+0.7-Si — 2.5
Cr—147-Ni—48-Mo+24-V+14-Cu (14)
—-0.004-T, — /v,

K,=12-136-C—-23-Mn—23-Cr—14-Ni

15
—6:Mo+39-V—0002-T,—12-3/v, (15
K, =13-3.73-C+045-Mn+022-Cr+0.18
. i . .4 —_—
Ni+1.9-Mo+0.17-%/v. — 057 (16)

: /(4.35 - ve)?

K,=-1648+47-C+2.6-Mn+0.6-Si + 2.4
*Cr+12-Ni+19-Mo+4.8-Cu+0.0057 (17)

Ty + 1124y,

The equation (18) describes the hardness of a steel
cooled at a particular rate from the austenitizing
temperature.

HV =3.7+225-C + 825 -Mn+28-Si +55-Cr
+28-Ni+535 Mo+ 147V +71-Cu
+0.093-TA—3.8-‘§/v_c+67.8-c-‘{/v_c—42.2(18)
“Wp— 69 W, =325 W, + 72 W,

where: Wy, W,,, Wy, W, — according to formulas (12)-(17).

Moreover, the hardness of steel was described using
two formulas (19)-(20) which can be used for a martensitic
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structure (HV,,) as well as for the ferritic-pearlitic one
(HV¢,). The hardness formulas for a martensitic structure,
and for the ferritic-pearlitic one, may be used if adequate
classification results have been obtained. If the result of the
classification is not certain, it is better to use the general
formula (18).

HV,, =200+824-C+44-Mn+13.7-Cr +9.2

“Ni+171-V +785-Cu+4.13-3/v. £
HVy—p
=—90+247-C+452-Mn+4.4-Si
+ + n+ 14 (20)

+36.8-Cr+10.8-Ni—4-Mo+79-V
+0.15-T, + 13.46 - {/v.

The formulas describing the influence of the chemical
composition, austenitizing temperature as well as cooling
rate on the volume fractions of the microstructural
constituents are presented in equations (21)-(29).

0 for Wy =0
F(%)=<{ O0forUs<0 (21)
A Uf fOT' Uf > 0
where:

Up =116 —132.7-C—9.5-Mn—3-Si—10-Cr
—5:Ni—4-Mo—0.021-T, —6.17 -3/,

(22)
+122-C-3fv, +102- Wy +58 W, —9.3
W, —11-W,
where:
_ 100 ’3
ST U AU, + Uy + Uy, (23)
0 for W, =0
P(%)={ O0forU,<0 (24)
z-U, for U, >0
where:

Uy=-52+98-C+3-Mn+65-Si+3-Cr—82
“Mo+3.72-4fv,—153-C-{fv,—5-W;, (25
+252- W, —11-W, — 18.2- W,

0 forw, =0
B(%) = 0forU,<0 (26)
A Ub fOT' Ub > 0
where:

Uy=-115+258-C—7.4-Mn—72-Si+ 4.6
Mo —20.8-Cu+0.03-T,—9.15-C-%v. (27
+13-W; —18.4-W, + 348 W, + 6.2- W,
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0 forW,, =0
M%) = 0forU,<0 (28)
z Uy forUy, >0
where:

Up=102+28-C+13.7-Mn+42-Si+78-Cr
+5-Ni+8-Mo+ 145 Cu—0.018-T, + 2
A +13.7-C-\fv, —182- W, —12- W,

— 143 W, + 232 W,

(29)

where: Wy, Wy, Wy, W, — according to formulas (12-(17).

Formulas in regression tasks were evaluated based on
the mean absolute error (MAE), standard deviation of mean
absolute error (SDE), Pearson correlation coefficient (R)
and the quotient calculated for the standard deviation of the
forecast error and the standard deviation of the values of
dependent variable (QSD). The quotient of standard
deviations lets to relate an error made by model to the
range of values of dependent variable. The best value of
this statistic is equal to 0.Values of mean absolute error,
standard deviation, as well as quotients of standard
deviations and the Pearson correlation coefficient obtained
for the formulas describing steel transformations
temperatures, hardness as well as volume fraction of
structural constituent are presented in Tables 3-5.

Table 3.
Error values and correlation coefficients for the temperatures
of the transformations models

o WA SPE g
Ac, 12.4 9.2 0.36 0.78
Ac; 14.1 10.7 0.30 0.87
Bimax 21.2 17.2 0.31 0.87
Mimax 14.8 13.3 0.24 0.93
F 19.5 17.4 0.33 0.86
F; 23.6 19.9 0.38 0.81
P 19.5 16.3 0.38 0.80
Py 25.2 20.3 0.41 0.75
B, 30.6 23.0 0.42 0.72
B¢ 32.7 24.7 0.43 0.70
M 20.5 17.2 0.30 0.88

MAE — Mean absolute error; SDE — Standard deviation
of the error; QSD — Quotient of standard deviations;
R — correlation coefficient
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Table 4. of correct classifications was calculated as the quotient of a
Error values and correlation coefficients for hardness model number of correct classifications and all cases in a data set.
MAE, SDE, QSD R The values of the coefficient of the correct classifications
HV HV for the particular transformations are presented in Table 6.
HV 48.5 38.9 0.24 0.92
HV, 30.5 25.2 0.24 0.92 Table 6.
HVyg, 22.0 13.6 0.28 0.86 The values of correct classifications coefficient

Coefficient of correct
classifications, %

Table 5. Ferritic 85.2
Error values and correlation coefficients for volume fraction

Transformation area

. Pearlitic 85.9
of structural constituent model ——
Microstructural MAE,  SDE, Bainitic 72.6
. QSD R "
constituent % % Martensitic 84.3
Ferrite 7.8 9.8 0.37 0.88
Pearlite 9.9 11.3 0.39 0.86 . ) ) )
Bainite 158 142 044 076 The start and finish lines of austenite transformation

temperature are calculated independently by seven
Martensite 12.3 12.6 0.31 0.91 formulas. It should be assumed that every calculation result
is subject to an error which may lead to unfulfilled
condition (30):

Formulas in classification tasks were evaluated based
on the coefficient of correct classifications. The coefficient F;>Fp =2 P > P =2 B =2 By = Mg (30

P=P,

FEptP.E
F=P= L
F=F,

S EpgtEy

Fig. 1. Flowchart for calculating the start and the finish of the transformations temperatures
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Presented on CCT diagrams, transformations of a
supercooled austenite occur one by one or are separated by
area of austenite. The start and the finish of the next
transformation may be described by the same temperature:
F; =Py, F; =B, P; =B, B¢ =M for the same cooling rate.
Considering calculation error and condition (30), rules to
determine the transformation temperatures shown in a CCT
diagram were defined. The algorithm is shown in Figure 1.

The rules are executed in the order from 1 to 4.
The same value will be assumed for the transformation
finish and the start next transformation temperature if the
absolute difference between the calculated transfomations
temperatures will be lower than the sum of mean absolute
errors for particular formulas. Finally, the transformation
temperature was calculated as a weighted average. The
mean absolute error E; (where: i = F,, F;, P, Py, B, By, M)
was assumed as the weight for particular transformations.
An example of calculation for a common temperature
line the finish of pearlitic transformation (P;) and the
start of bainitic transformation (B;’) was presented in
equation (31).

Pf.EBS+BS.EPf
EBS+EPf

P =Bl = (3D
where:

P; — according to formula (8);

B, — according to formula (9);

Eps — mean absolute error of the equation for calculating the
temperature of the finish of the pearlitic transformation;

a)
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Eps — mean absolute error of the equation for calculating
the temperature of the start of the bainitic transformation.

To verify the developed model, the experimental CCT
diagrams were compared with diagrams calculated using
the empirical formulas. Examples of the diagrams worked
out are presented in Figures 2-3. The diagrams were drawn
based on the results of calculations using formulas (1)-(29).
The algorithm shown in Figure 1 was also used. The CCT
diagrams presented in the paper were chosen randomly
from the verification data set.

It can be seen in Figures 2 and 3 that the largest errors
occur in determining the range of bainitic transformation.
Classifier error confirm the value of the correct classification
coefficient, which is presented in Table 6. Formulas (12)-
(17) make it possible to estimate whether in the
microstructure of a steel cooled at a given rate from the
austenitizing temperature, the following phases: ferrite,
pearlite, bainite and martensite are observed. In the case of
ferritic transformation and the pearlite one, the task can be
reduced to looking for the highest cooling rate which is
enough for the transformation to occur. Martensitic transfor-
mation requires determining the lowest cooling rate which is
yet enough for the transformation to occur. Bainitic transfor-
mation needs determining two values of cooling rate limiting
the field of the of it. Therefore, an additional component was
introduced in formula (16) in which the current cooling rate
was related with the average value of cooling rate. However,
the precision of the calculations is unsatisfactory. Currently,
work is underway to solve this problem.

b)
900 ’HH

800 Skl ] I

Acs]]

ol

o
=1 C

Il
+

600 \ > . e 41 63 64
500 .K

400 1 \ | B
300 TR ey LR A

200 \ lM ‘ \

100 &‘
@ @540 263 (259

HY (599 @ 519)|(48
L
1000 10000

1 10 100
Time, s

Temperature, °C

100000

Fig. 2. CCT diagram for steel with a mass concentration of elements: 0.43%C, 0.66%Mn, 0.33%Si, 0.74%Cr, 1.4%Ni,
0.2%Mo, austenitized at temperature of 860°C; a) experimental [30], b) calculated using formulas (1)-(29)
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Fig. 3. CCT diagram for steel with a mass concentration of elements: 0.36%C, 0.49%Mn, 0.25%Si, 1.54%Cr, 0.21%Ni,
0.03%Mo, 0.16%Cu, austenitized at temperature of 860°C; a) experimental [31], b) calculated using formulas (1)-(29)

4. Summary

The model worked out makes it possible to calculate
CCT diagram for the steel with a known chemical
composition. The presented model can be used only in the
range of mass fractions of alloying elements shown in the
Table 1. The conditions set out in Table 2 must also be met.

Computer aided modelling is important both is
industrial practice and in scientific research. It is a
relatively effective and cheap method of optimizing, inter
alia, conditions of technological processes, chemical
composition, making it easier to obtain required properties
of materials. In addition to mathematical modelling and the
numerical methods related to it, biology-inspired methods
are used increasingly frequently. The growing popularity of
computational intelligence methods were also reflected by
the area of materials engineering [32-38]. The own method
of modelling the CCT diagrams with the use of neural
networks has been described in detail in [20,39,40]. The
neural networks model is characterized by a some smaller
prediction error. For the multiple regression and logistic
regression model described with the formulas (1)-(29) the
mean absolute error for the temperature of transformations
ranges between 12°C (Ac;) and 33°C (temperature of the
finish of bainite transformation), the mean absolute error
for hardness is 48 HV and for volume fraction of structural
constituents — ranges from 8% (ferrite) to 16% (bainite).
The correlation coefficient values range between 0.7 and
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0.93. In case of the neural model the mean absolute error
for transformation temperatures ranges between 13°C (Ac;)
and 26°C (temperature of the end of bainite transfor-
mation), the mean absolute error for hardness is 33 HV,
and for phase fraction — ranges from 7% (ferrite) to 12%
(bainite). The correlation coefficient values range between
0.8 and 0.96.

Formulas developed using multiple regression can be
easily used and distributed. This is definitely an advantage
of this method. Moreover, the formulas can be easily
verified by other researchers. The results of the prediction
of the CCT diagrams are burdened with some errors. Those
result both from simplifications using in the modelling, as
well as from the character of empirical data on the basis of
which the model parameters was calculated. The data set
was collected based on published CCT diagrams. CCT
diagrams used to calculate the parameters of the model
were developed for many years in different laboratories.
The error made when analysing the chemical composition,
measuring the transformation temperature, hardness and
volume fractions of structural constituents was undergoing
important changes. A significant problem is also the
graphic form of the data and errors resulting from data
digitization. The accuracy of prediction of CCT diagrams
can be increased if the data set is supplemented with new
examples. It is particularly important to reduce classifier
errors, bainite transformation temperature error and volume
fraction of phases error.
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Due to the limited volume of this publication only the
most significant information characterizing the developed
model was presented. The detailed information on the
empirical data set, modelling procedure and statistics used
to evaluate the model, including the statistics for the
verification data set are show in the work [20].
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