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Abstract

The DP_builder software, which was developed to design the best continuous annealing technology for DP steels in
a fast and efficient way, is presented in the paper. The key components of the system, including models of phase trans-
formations during heating and cooling stages, are described first. Following this, major principles, features and imple-
mentation details of the system are presented. Main functionalities provide possibilities of simulation of microstructure
evolution during various thermal cycles and capability to design the best technological variant. Additionally a database,
which stores material and technological information for all previously analyzed cases, was designed and incorporated in
the system. Finally, graphical user interface was added to make the system easily accessible and user friendly.
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1. INTRODUCTION

Continuous development of the automotive in-
dustry creates demand for metallic materials that
combine high strength with good ductility. One of
the possibility to fulfil the demand is application of
the Advanced High Strength Steels (AHSS) that
have been intensively developed for more than
a decade now (Hofmann, 2009; Matlock, 2005; Mat-
lock & Speer, 2009). Dual Phase (DP) steels belong
to the most common and popular AHSSs. Due to
their specific microstructure, they meet those high
requirements and are currently used by the automo-
tive industry.

The DP steel is a composite of ductile ferrite and
hard martensite phases and can also contain bainite
and retained austenite. The required phase fractions
within the microstructure are obtained during the
continuous annealing. Recrystallization of deformed
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ferrite and austenitizing during the continuous heat-
ing as well as phase transformation during the con-
tinuous cooling are the main processes to obtain the
desired microstructure. Volume fraction of marten-
site or MA (martensite with small islands of the
retained austenite) determine the strength of DP
steel. For a DP 600 volume fraction of martensite is
usually between 15 and 25%. This phase composi-
tion gives high strength and good workability, which
are important properties from an automotive indus-
try point of view.

As presented a typical continuous annealing pro-
cess involves sophisticated thermal cycle, which
makes manufacturing of DP steels a complex prob-
lem and requires precise control of process parame-
ters. It is expected that numerical simulation will
help to design the optimal process. Thus, develop-
ment of the model, which is capable to simulate
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phenomena occurring in DP steels, is important.
Models of static recrystallization as well as phase
transformations during heating and cooling stages of
the continuous annealing process were developed
and validated by Pietrzyk and Kuziak (2012) and are
only briefly described in the following section. The-
se models can evaluate various complex thermal
cycles and compare them. On the other hand, large
number of the design variables makes selection of
the best cycle difficult. Therefore, development of
the user friendly computer system based on men-
tioned models was the main objective of the present
work. In literature lack such customised software
designed to deal with the continuous annealing.

2. MICROSTRUCTURE EVOLUTION
MODELS

The model should allow realistic description of
phase transformations, good accuracy and reliability
of calculations, as well as should provide certain
special predictive capabilities. Model of phase trans-
formations during heating and during cooling was
based on the modified Avrami equation (Avrami,
1939) and is described by Pietrzyk and Kuziak
(2012):

X =1-exp(—kt") (1)

where: X — volume fraction of the new phase, ¢ —
time.

It was shown by Pernach et al. (2013) that this
model allows efficient simulation of the continuous
annealing. Main equations of this model are repeated
below.

Equation (1) is combined with the Scheil (1935)
additivity rule, which accounts for the temperature
variations. Theoretical considerations show that a
constant value of n in equation (1) can be used for
modelling ferritic, pearlitic and bainitic transfor-
mations (7 n,, and n, respectively). On the contrary,
the coefficient k& vary with temperature 7" and the
formalism of the function & = f{7) has to be carefully
chosen to describe properly the transformation kinet-
ics. A modified Gaussian function proposed by
Donnay et al. (1996) was selected for the ferritic

transformation:
T-T Y
- j 2

p

k, =k, exp —(

Coefficients k,,, T,, p and ¢ allow description of
all shapes of the CCT diagram in an intuitive way.

Thus, k,, = a,/D, is the maximum value of k, 7, = 4.3
+400/D, - a, 1s a position of the nose of the modified
Gaussian function (2), p determines the width at mid
height of this function and ¢ controls the sharpness
of the curve. D, is the austenite grain size prior to
transformation.

The sensitivity analysis has shown that the mod-
el output is not sensitive to coefficients describing
relation k& = (T) for the pearlitic transformation and
constant value of k = k, was assumed for this trans-
formation. The following equation describes k for
the bainitic transformation:

k, = by exp(b;—0.015,T) 3)

Equation (1) with the modified Gauss function
(2) describes properly nucleation, growth and site
saturation mechanisms for lean chemical composi-
tion of steels. This equation accounts directly for the
incubation time for the ferritic transformation. An
assumption is made that transformation begins when
5% of ferrite occurs in the microstructure. Incuba-
tion time has to be introduced for pearlitic (7,) and
bainitic (7,) transformations:

Dy D>
(A,-T)" e"p{mwm}

T, =

T, = L ex 2 4
TG p{m”m)} v
where: R — gas constant, B, — bainite start temperature.

Start temperatures for the bainitic (By) and
martensitic (M) transformations are given by:

B[°C]=b,—425[C]-42.5Mn]-31.5[Ni] (5)
M [°Cl=m,—m,c, (6)

where: ¢,— current carbon content in the austenite.

Fraction of austenite with respect to the whole
volume of the sample is calculated as (Koistinen
& Marburger, 1959):

F,=(1-F,—F,-F,){1-exp[-0.011(M, -T)}

®)

where: Fy, F),, F, — volume fractions of ferrite, pearl-
ite and bainite, respectively.

Two processes occur during heating stage, re-
crystallization of ferrite and phase transformation of
the ferritic-pearlitic microstructure into austenite. In
the range of heating rates used in the paper the re-
crystallization of ferrite has small influence on the
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structural composition of products and is not consid-
ered in this paper.

Model of the phase transformation during heat-
ing is also based on equation (1) with the coefficient
n = n,, and coefficient & defined as:

—h

SO R (T 273)

9

Incubation time for the austenitic transformation
is calculated from the equation:

h h,
X
(T'_lAel)h3 R(T+273)

T, =

(10)

Table 1. Chemical composition of the investigated steels, wt %.

steel C Mn Si Cr Al Nb N
A 0.09 | 142 | 0.10 | 0.35 | 0.053 - 0.009
B 0.16 | 1.53 | 0.39 | 0.23 | 0.039 | 0.0132 | 0.006

the present work and was used as a support for fast
and efficient design of various thermal cycles of
continuous annealing.

3. CONTINUOUS ANNEALING

Typical thermal cycles for the continuous an-
nealing are shown in figure 1. Two distinct cases of
the annealing are presented in the figure. Both cases
begin with heating with the rate dependent on the
expected microstructure. Usually it is a moderate
heating rate around 3°C/s. Static recrystallization of
the ferrite occurs first in the deformed material.
When temperature exceeds A, transformation of
ferritic-pearlitic microstructure into austenite begins.
Starting from this point the two cases are distin-
guished in figure 1. The intercritical thermal cycle of
the continuous annealing is represented by triangular
symbols in figure 1. In the intercritical region

Table 2. Coefficients in the model determined from the dilatometric tests for the steel A

ny hy hy hs3 hy hs nye a, a p q n, P
1.21 32774 8.533 2.876 9.5x10° 2.9x10° 1.48 7.1 145.9 36.77 2.092 0.79 1397
D2 D3 kp np by by b, bs by bs bg my ny
67.7 3.47 1.85 0.461 683.3 24.2 249 1.7 0.006 0.187 0.519 428 2.902

Table 3. Coefficients in the model determined from the dilatometric tests for the steel B

A hy hy hy hy hs ny a; a p q ny D1
0.23 1039 4.86 2.866 9636 7.94x10* 1.62 8.4 170.9 72.6 2.68 0.835 21
D2 P3 ky np by by b, by by bs bg my my
0.37 0.006 0.276 1.86 722.7 29.03 26.34 1.68 2.1 2.81 2.6 409 21.4

Two DP steels were considered in the paper as a
case studies. Chemical compositions of these steels
are given in table 1. Main difference between Steel
A und B is the carbon content, so different strength
levels are adjustable (Steel A DP600; Steel B
DP780). Coefficients in equations (1)-(10) for the
investigated steels were identified on the basis of
dilatometric tests and inverse algorithm described by
Pietrzyk and Kuziak (2012). The values of these
coefficients are given in table 2 and table 3. The
model with identified coefficients was used in the
present work to simulate continuous annealing of
strips made of those two steels.

The phase transformations model based on equa-
tions (1) — (10) was incorporated into the user
friendly computer system that was developed within

between temperatures 4. and 4. the isothermal
holding or very slow heating with the rate of about
0.25°C/s is applied, generally for not longer than 40-
60 s. A two-phase microstructure of ferrite and aus-
tenite is obtained. Continuous annealing with the
maximum temperature exceeding A. can also be
used. If it is the case, the whole ferrite is trans-
formed into austenite after heating. This thermal
cycles is represented by diamond symbols in figure
1. Cooling process begins next and it is usually
composed of fast/slow and fast cooling periods and
it can be similar for the two distinguished annealing
cycles. After the first two periods of cooling, part of
the austenite transforms back to ferrite. In the last
period of quenching any remaining austenite is ex-
pected to transform to martensite, resulting in the
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characteristic ferrite/martensite dual phase steel mi-
crostructure. See (Pietrzyk et al., 2014) for more
details concerning investigation of various thermal
cycles in the continuous annealing.

900 —
J A,
800 —
T Acl
QO 700 T TTTTTTTTT/ TN
°© -
S 600
g J
3 500
o
E -
& 400
. 4
300 -| &A—A—A intercritical
- —¢—¢ full austenitization
200 1‘ L} I L I L I L} I L} I L] ' L I L} I
50 100 150 200 250 300 350 400 450

time, s

Fig. 1. Typical thermal cycles for the continuous annealing.

mon.MVC module, Model-View-Controller pro-
gramming pattern was implemented to separate
front-end from application logic. Graphical user
interface (GUI), which makes the system user
friendly, is based on Windows Forms technology.
That is why some required abstract classes were
implemented inside modules with names with Forms
suffixes. This approach allows to adjust modules to
the new front-end without changing these modules.
Common.Plotting module provides results visualiza-
tion tools that are useful for practical assessment of
the designed thermal cycle. The output simulation
data are stored inside local database created with the
SqLite library and are easily accessible for visualiza-
tion purposes. To improve working with the de-
signed database, the NHibernate technology was
used. Additionally Common.NHibernate.Mapping
module was created to facilitate managing of data-
base-objects.

Fig. 2. Dependence diagram for modules of the developed DP_builder software.

4. COMPUTER SYSTEM

The developed user friendly software called
DP_builder was created using the Microsoft .NET
framework with C# programing language. Devel-
oped software can be used to design thermal cycle of
DP steels as well as other AHSS steels. The system
is divided into several major components, which are
presented in figure 2.

The basic module in the system is called Com-
mon.core. This module stores all universal and
common functionalities, which are necessary to link
all libraries with common data types. Com-
mon.Validation module keeps logic, which is re-
sponsible for a proper data validation. Inside Com-

Developed software consists of two parts, solver
and managing GUI application. To provide commu-
nication between two applications, DPBuild-
er.OTransformer module was developed. It is based
on redirection and managing between Input/Output
(I0) streams and files. All these modules are used by
Ul .Main module, which runs and joins them togeth-
er. The diagram of developed database that stores
both input and output data is presented in figure 3.
Description of the software capabilities is presented
in the following part of the paper.
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J steel v

! 1d INT(11) ! 1d INT(11)
¥ Name VARCHAR(255) & Name VARCHAR(255) ! 1d INT(11)

¥ Description VARCHAR(2048) ¥ Description VARCHAR(2048) P ——— Name VARGHAR(255)
@ CGammaAlfal DOUBLE © Configuration BLOB >
© CGammaAlfa2 DOUBLE H- = @ Created DATETIME ——
9 CAlfal DOUBLE > LastOpened DATETIME 7 0 A

9 CAlIfa2 DOUBLE @ Stedlld INT(11) |

& CGammaBetal DOUBLE @ Typeld INT(11)

 CGammaBeta2 DOUBLE >

! 1d INT(11)

O Description VARCH AR (2048)
< Data BLOB

9 Created DATETIME
 LastOpened DATETIME

@ Projectld INT(11)

! 1d INT(11)
“Vvaue DOUBLE

@ StedlId INT(11)

@ ElementId INT(11)

>

Fig. 3. Database diagram with relations between tables.

The main functionalities of the system compose
simulation of phase transformations during thermal
cycles and application of the optimization tech-
niques to design the best technological variant. To
reach these goals the system consists of a set of
modules, which perform various functions:

— GUI (Graphical User Interface) layer, which
allows to use application in an intuitive manner,
controls correctness of the introduced data and
presents obtained results (figure 4). GUI makes
the software easily accessible and efficient.

DP_builder

Complex user friendly numerical system for d efficient design of

9

/-\RESEARCH FUND FOR COAL AVN[A?TEEL

VADPSheet > 4

Property oriented design of hard constituent hardness and morphology
in continuously annealed/galvanised DP sheets.

System has received funding from the European Community’s Research Fund for Coal and Steel (RFCS) under grant agreement no. RFSR-CT-2011-00014.

Fig. 4. Main window of the developed DP_builder software.

— Database implemented with SQLite library. The
database is used to store steels and projects data
in an efficient way. It also stores material and
technological data for all previously analysed
cases.

— Console-based solver based on models presented
in Chapter 2. The solver performs all simula-
tions of phase transformation.

— Plotting and plot exporting libraries, which are
used for visualization purposes.

The software is an easy to use application, which
performs a complex set of actions such as:

Compostion coefficients:

1.45 [¥] Chemical elements. [ |
Cgamma (afa1): 457 2
Cgamma (afa2): 00054
Claka 1) 00349
C(aka2) 0
Cgamma (beta 1): 094
Cgamma (beta 2): 00023 o~
pmamam 0-004 0.004 0.005 0.013 0.01 0.014 0.034 0.03 0.01 0.006
ca ' N "N ' "Ti " Mn  Si Cr ' NL ' P ' AL Mo ' Cu ' S
chemical element

Name: D Steel
Description:
Number Chemical element Percent Compostion coefficient Value
1 Carbon (Ca) 011
2 | Ntrogen (N) 00038 C gamma (afa 2) 0005412 |
3 [Nob ) [o00s ||ciara) |0 |
4 |Vanadum®v) 0005 C(ak2) |+03E05 |
5 |Ttenum(m) [ooa C gamma (beta 1) I |
6 | Manganese (Wn) 145 C gamma (beta 2) 000228 |
7 |Skeons) 019
8 | Crvomun @) 027
9 [Nokel ) 001
10 |Phosphorus () 0014
1| Aumniom (4) 00 7] Chemical elements |
12| Mobbdenum (Mo) 003
13 |Copper (Cu) 001
14 |Suphur(s) 0006
Ca N Nb V Ti Mn Si Cr Ni P Al Mo Cu §
chemical element

Fig. 5. Window designed for creation and storage of steel pa-
rameters.

— Creation and storage of steel parameters (figure
5).

Creation, storage and management of projects
(figure 6). It allows to select which thermal cycles
should be optimized and select solution space ranges
of the investigated parameters.

— Simulation or optimization of continuous an-
nealing processes, which can be performed in
two modes. In the verification mode, which is
used before permanent parameters change, and
in recalculation mode to update results in the da-
ta base (figure 7). During optimisation it is pos-
sible to control process by monitoring error val-
ue with thermal cycles curve shape or breaking
process and then setting a new configuration.

— Visualisation of results and comparing them
with results obtained from other projects (figure
8).

— Export of stored results in the form of diagrams
and text files (figure 9).
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o5 DP_Builder

Back » Projects » Project manager

Name: Iijed 2 I
Description:
[ Optimizat
Steel: DP Steel + | || Compostion coefficients: (2 Chemical elements [}
Cgamma (alfa1). 4.57
Initial [ Initial fenite Initial pearite Initial bainite Initial martensite Cgamma (alfa2): -0.0054
N T T T 11| C(afa 1): 0.0349
Phase composition: 0.8413 0.1587 0 0 C(affa2): 0
h - Cgamma (beta 1): -0.94
Final l Final new ferite Final old fenite Final pearite Final bainite Final martensite C gamma (beta 2): 0.0023
Phase composition: 05 0 03 0 0
e - R— -
0001 7 Ca' N 'Nb'V Ti'Mn 'Si Cr Ni'P Al Mo'Cu's
Time step: [s] = ' : chemical element
Austenite grain size: [um] Number of iterations:
Console printing: (] Tolerated eror:
With heating: %] Optimization algorithm: | PSO (Particle Swam Optimization) v
i R —
Number of intervals: |2 4+ Clear
ovonsee: [0 ]
‘ Time of heating [s ] Heating rate [oC/s ] Intial bee "
| Number Value Minimum Maximum Value Minimum Minimum
M 260 200 280 (%] 3 2 5
2 = @ 20 50 2| 025 0.1 035 Global acceleration:
Local 1.49445
Cooling
Number of intervals: |3 Y Clear [ Solver ] [Expenment}
1 Time of cooling [s ] Cooling rate [oC/s ] / T \ l
| Number Value Minimum Maximum Value Minimum Maximum
hz 15 1 _ 3 1%} 60 50 | n ] o ]4—[ Objective ]
2 M 10 5 15 M 1 05 15
3 & 5 15 %] 70 60 80 l
Optimal
coefficients
Close

Optimize

Save

Fig. 6. Window designed for creation, storage and management of projects in two variants: direct project configuration or thermal

cycles optimisation project.

In the designed system, the user controls the fol-
lowing parameters:

— phase composition, which includes initial con-
tent of ferrite, pearlite, bainite and martensite in
the microstructure after cold rolling,

— initial temperature of the process,

— time step of the simulation,

— selection of thermal cycles for heating and cool-
ing phases.

— Examples of practical applications of the devel-
oped software to design continuous annealing
cycles are presented in the following part of the

paper.
5. CASE STUDIES

Selected results of simulations of the continuous
annealing performed using the developed computer
system are presented below.

5.1. Simulation of laboratory tests

Developed model of phase transformations was val-
idated in simulations of thermal cycles used in phys-
ical simulations performed on the dilatometer type
DIL805. Tubular samples with the dimensions of
04x02x5 mm were used in the dilatometric tests. All
tests were performed for steel A in table 1. Thermal
cycles, which were investigated, are presented in
figure 10. In all these cycles heating was performed
with the rate of 3°C/s. Three maximum temperatures
were used: 790°C in the cycle L1, 830°C in the cycle
L2 and 920°C in the cycle L3. When maximum tem-
perature of the cycle was reached cooling with dif-
ferent rates was performed, as shown schematically
in figure 10a for the cycle L1 only. Eight different
cooling rates between 1°C/s and 300°C/s were ap-
plied. The same cooling rates were applied in cycles
L2 and L3, what is not shown in figure 10b to avoid
making the figure not clear. All the tests were
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- m] X
[ Heating . Number Time [s] Rate [oC/s ]
{4 Cooling |
'82.127 '164.254
time, s
™ Total emor

lteration: 1, Emor: 0.4125
2, Emror: 0.199
ion: 3, Emor: 0.12
ion: 4, Emor: 0.12(
lteration: 5, Emor: 0.1205

ol DP_Builder
Back » Projects » Project manager » Simulation
§ oo
Name Project 2 aw
w
Description »
Steel DP Steel -
Initial temperature 20 5
o
Time step 0.01 e ]
Console printing No 55
With heating Yes 3
Initial phase composition Fenite: 0.8413, Peariite: 0.1587, Bainite: 0, Martensite: 0 a
Final phase composttion New femite: 0.5, Old femite: 0, Pearite: 0.3, Bainite: 0, Mar... i
Created 2015-110203:14 ®
9 '
0
-3.422
s
b
28
s
©
=]
s _J
"o
o5
"N
et
o
-
o
=
o hl
1 2 '3
Iteration
Simulation: Run \ Breask | Result: Show Save

Fig. 7. Optimisation preview window.

;' DP_Builder

» Projects P Result

Fig. 8. Visualization window.

repeated twice. In the second set of experiments
marked L4 — L6, the sample was maintained at the
maximum temperature of the cycle for 20 s (figure
10b). Start and end temperatures of transformations
and volume fractions of phases at the room tempera-
ture were measured in the experiments and were
used for verification of the phase transformation

Name: Project
Chats: S 9] Temperature |
p- - =
X Testing Carbon :8 Fenite [ |
© | Volume fraction Pearite -
Kl Transformation Bainte .
["] Resuits (+] Martensite [ |
e
o~
_gg//
o
2l
o
3
=4
2]
-
 Transfomation: a
@ | Temperature W]
90
o«
o
w S—
220 240 260 280 300
Export results as CSV 220.667 time, s 319.333

model. Micrographs were made after each test and
were used for evaluation of the phase compositions
of samples. Typical microstructures for all tests with
the cooling rate of 40°C/s are shown in figure 11.
Since predictions of the model for the tests L3 and
L6 were identical, results for L6 are not presented in
the paper.
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Back » Projects » Result

Name: Project
= o
Charts: L Carbon content
@ | X Testing Carbon - c
© | Volume fraction C-gamma beta
© | Transformation At 2
-3
() Rondscompsion - |
@™
o
B
L]
n
I
o
o
4
N -
LB
-
AW
rd
=0
3
o
o "0.182 0.364 0.546
0008 Carbon concentration, wt%
Export current comparison
| Export "X Testing Carbon”
Export "Volume Fraction”

S Bort "Transformation”

Volume fraction -

Hide legend

Save as image

Ferrite, 0.806% Pearlite, 0% Bainite, 0.027% Martensite, 0.167%
Fraction
|
Fig. 9. Window designed for exporting of obtained results.
) O
a

1000 - 5
Q
- (2]
4
800 <
¢ ¥ =
- z
g g 5
S 600+ g =

] o
[ 4 | b= E;
2 2 2
§ 00~ 5 0
; =
——da— L1 intercritical . ——d— |4 intercnitical X =
200 - —&— 1.2 intercnitical A 200 - —&— LS intercntical A E
—— .3 full austenitization —— L6 full austenitization ﬁ
N 1 . 1 . I . | . | N 1 . 1 . I 5 1 . | 5
0 100 200 300 400 500 0 100 200 300 400 500 [
time, s time, s %
)

Fig. 10. Investigated laboratory thermal cycles without maintaining the sample at the maximum temperature (a) and with maintain-
ing the sample at the maximum temperature for 20 s (b).
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Calculated start and end temperatures of phase
transformation for the cycle L1 are compared with
the measured ones in figure 12 and good agreement
was obtained. Kinetics of transformations during the
cycles L2 — L5 are shown for the two representative
cooling rates, for 1°C/s in figure 13 and for 40°C/s in
figure 14. Volume fraction of the austenite was
evaluated experimentally, as well, but quantitative
analysis of the phase composition was difficult and
the experimental results have to be treated as estima-
tion only. In the tests with the maximum temperature
of the cycle equal 790°C (L1 and L4) quantitative
estimation of phase volume fractions was not possi-
ble. Similar situation was with the evaluation of the
austenite volume fraction after heating in the tests
L4 and LS.

Fig. 11. Microstructures for the tests L4 (a), L5 (b) and L6 (c)
for the cooling rate of 40°C/s. Steel A

900 - steel A
800 —

temperature, °C
S (6,1 ()] ~
(o] ) o o
o o o [ =]
| | | |

300 —cooling

rate, °C/s \—\—ﬁ
200 — \ 5 1
33558 38.5 19.610
100 S I I R R E—
05 00 05 10 15 20 25 3.0

log(time)

Fig. 12. Comparison of the predictions of the optimized model
(coefficients in table 2) with measurements for the transfor-
mations start and end temperatures. Steel A

The volume fractions of phases were calculated
by the model for all the tests and results are com-
pared below. Volume fraction of the austenite after
heating is presented in figure 15. It is seen in the
figure that the model properly predicted amount of
the austenite in the tests, where measurement was
possible. Figure 15 shows results of calculations of
volume fractions of phases in the tests L1 and L4, in
which experimental quantitative evaluation was not
possible. It is seen that maintaining the sample in the
test L4 for 20 s at the maximum temperature of the
cycle (790°C) resulted in an increase of the volume
fraction of the austenite after heating and, in conse-
quence, led to an increase of the volume fraction of
the martensite after cooling.

Comparison of measured and calculated volume
fractions of phases in the tests L2, L3 and L5 is
shown in figure 17. The agreement between meas-
urements and calculations is not very good and some
discrepancies between measurements and predic-
tions are observed. But it should be kept in mind that
quantitative measurement of volume fractions in
some tests was very difficult and experimental re-
sults have to be treated as estimations of the volume
fractions.

Recapitulating this part of the work it could be
concluded that numerical simulations of the labora-
tory tests confirmed good predictive capabilities of
the developed model. Model predictions describe
qualitatively very well kinetics of transformations
and volume fractions of phases as functions of the
annealing process parameters. Quantitative agree-
ment between measurements and predictions is rea-
sonable, having in mind difficulties with quantitative
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Fig. 13. Kinetics of phase transformation during annealing cycles shown in Fig. 10; cooling rate 1°C/s (meaning of the symbols is the
same in all plots). Steel A

evaluation of the microstructure in the experiments. 5.1. Simulation of industrial tests

All these observations permit using the model in the

system DP_builder for the optimization of the con- Simulation of the industrial annealing cycles for
tinuous annealing process. the steel B was performed next. Thermal cycles,
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which were investigated, are presented in figure 18.
In all these cycles purely austenitic microstructure
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was obtained after heating. Calculated by the system
kinetics of phase transformation during cooling ac-
cording to these four cycles is shown in figure 19.
Calculations were stopped when the whole austenite
was transformed into the low temperature phases.

200 220 240 260 280 300
time, s

Fig. 14. Kinetics of phase transformation during annealing cycles shown in figure 10, cooling rate 40°C/s (meaning of the symbols is
the same in all plots). Steel A
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Fig. 15. Measured and calculated volume fraction of the aus-
tenite after heating.

Fig. 16. Calculated volume fraction of phases in the tests L1 and L4.
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Fig. 18. Thermal cycles investigated for the steel B.
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well. However, volume fractions of bainite and mar-
tensite differed. The maximum volume fraction of
martensite was obtained for the cycle 3.

Numerical tests performed using the developed
computer system DP _builder have shown that the
phase transformation model presented in chapter 2
has a capability to describe process of continuous
annealing of the investigated steel with good accura-
cy. Model supplies information concerning volume
fractions of phases and changes of the average car-
bon concentration in the austenite as a function of
parameters of the annealing thermal cycle.
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Fig. 19. Kinetics of phase transformation during cooling according to the annealing cycles shown in Fig. 18. Steel B

Calculated changes of the average carbon con-
centration in the austenite are shown in figure 20.
Volume fractions of the ferrite, bainite and marten-
site are presented in figure 21. Analysis of all results
shows that similar volume fraction of ferrite was
predicted for all four cycles. It means that the total
volume fraction of hard constituents was similar, as

7. CONCLUSIONS

The system DP_builder, which allows design of
the continuous annealing technology for the DP
steels, was presented in the paper. The virtual model
of the industrial annealing process is the main part of
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the system. Beyond this, the following functionali-

ties of the system should be pointed out:

1. Possibility to store data.

2. User-friendly interface.

3. Convenient visualization of data.

4. Capability to simulate phase transformation
during complex thermal cycles.
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£ 700-
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- {o—ooc(2) /
600 4-a-4 ¢ (3)
1+-++c@
550 Al l L l L l Ll I L l
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Fig. 20. Changes of the average carbon concentration in the
austenite during the four investigated thermal cycles for the
steel B.
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Fig. 21. Volume fractions of phases calculated by the system for
the four investigated thermal cycles for the steel B.

The developed model, which is the basis of the
system DP_builder, was validated by comparison its
predictions with the results of the physical simula-
tions of the continuous annealing and good agree-
ment was obtained. The following conclusions were
drawn on the basis of the performed numerical tests:
1. The model based on the JMAK equation with

one coefficient described by the modified Gauss

function gives good results as far as kinetics of
transformations and volume fraction of phases
have to be calculated.

2. This model is simple, easy for identification and
reasonably accurate. Using the model in simula-
tions of the continuous annealing is advised.
Additivity rule has to be applied.

3. Regarding accuracy of the model in the predic-
tions of temperatures for transformations, good
agreement was obtained for all transformations.
Some discrepancies were rather due to lack of
consistency in the experimental data.

The system DP_builder can support the design
of the best thermal cycle, which should be applied in
the continuous annealing line to obtain the required
phase composition of the DP steel.
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DP_BUILDER — SYSTEM DO KOMPUTEROWEGO
WPIERANIA PROJEKTOWANIA CYKLI DLA
PROCESU CIAGEEGO WYZARZANIA STALI TYPU DP

Streszczenie

Przedstawiona praca opisuje zaprojektowany i zbudowany
system, dzigki ktéoremu w prosty sposob mozna zaprojektowaé
technologie cigglego wyzarzania stali typu DP (Dual-Phase).
W pierwszej czgsci pracy opisano gldwny modut systemu wyko-
rzystujacy modele przemian fazowych podczas nagrzewania
i chtodzenia. Nastepnie opisano zasady dziatania, dostgpne funk-
cjonalnosci oraz szczegdly implementacyjne prezentowanej apli-
kacji. Gtéwna funkcjonalno$¢ systemu taczy w sobie symulacje
ewolucji mikrostruktury podczas cykli nagrzewania i chtodzenia
oraz optymalizacje potaczong z procesem projektowania cykli, co
daje duza swobod¢ podczas konfiguracji. Dodatkows funkcjonal-
noscig systemu jest zdolno$¢ do przechowywania informacji
o materiatach i parametrach technologicznych wszystkich anali-
zowanych do tej pory przypadkach. Aby aplikacja byla przejrzysta
i fatwa w uzytku wyposazono ja roéwniez w graficzny interfejs
uzytkownika.
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