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STUDY OF PHASE TRANSFORMATIONS IN COMPLEX PHASE
STEEL USING A MESOSCALE CELLULAR AUTOMATON MODEL
PART II: EXPERIMENTS AND VALIDATION

BADANIA PRZEMIAN FAZOWYCH W STALI WIELOFAZOWE]J ZA POMOCA
MEZOSKALOWEGO MODELU AUTOMATU KOMORKOWEGO
CZESC II: : EKSPERYMENTY I WALIDAGJA

A two-dimensional mesoscale model based on the concept of hy-
brid cellular automata was used to study phase transformations
in a complex phase steel during continuous cooling. This model
enables simulation of the decomposition of austenite into ferrite,
bainite, and martensite, accompanied by calculations of volume
and grain boundary diffusion of carbon. In effect, as a result, one
can observe the morphology of simulated microstructures, corre-
sponding carbon segregation as well as microhardness distribution.
These results with the kinetics of austenite to ferrite phase transfor-
mation and predicted values of the complex phase steel hardness are
the subject of model validation. A series of dilatometric experiments
were carried out with constant cooling rates in order to construct
a CCT diagram and validate the presented model. The convergence
of simulated results with empirical outcomes was confirmed quan-
titatively using a dedicated goal function and data summaries in
the table and graphs. However, some qualitative and quantitative
discrepancies in terms of microstructure morphology are indicated
which was possible thanks to applying a wide range of different val-
idation parameters of the model. It is emphasized how crucial is the
use of appropriate validation methodology.

Keywords: phase transformations, complex phase steel, cellular
automata, mesoscale model, dilatometry, microstructure charac-
terization, model validation

Dwuwymiarowy mezoskalowy model oparty na koncepcji hybry-
dowych automatéw komdrkowych zastosowano do badania prze-
mian fazowych w stali wielofazowej podczas cigglego chtodzenia.
Model ten umozliwia symulacje rozpadu austenitu w ferryt, bainit
i martenzyt wraz z obliczeniami objetosciowej i granicznej dyfuzji
wegla. W efekcie mozna zaobserwowac morfologie symulowanych
mikrostruktur, odpowiadajqcq im segregacje wegla, a takze rozklad
mikrotwardosci. Wyniki te wraz z kinetykq ferrytycznej przemiany
fazowej i przewidywanymi wartosciami twardosci stali wielofazo-
wej sq przedmiotemn walidacji modelu. Przeprowadzono szereg eks-
perymentéw dylatometrycznych przy statych szybkosciach chtodze-
nia w celu opracowania wykresu CTPc i walidacji przedstawionego
modelu. Zbieznos¢ wynikéw symulacji z danymi empirycznymi zo-
stata potwierdzona ilosciowo za pomocq dedykowanej funkcji celu
oraz zestawienia danych w tabeli i na wykresach. Jednakze, wska-
zano na pewne rozbieznosci jakosciowe i ilosciowe pod wzgledem
morfologii mikrostruktury, co byto mozliwe dzigki zastosowaniu
szerokiego wachlarza roznych parametréw do walidacji modelu.
Podkreslono, jak istotne jest zastosowanie odpowiedniej metodolo-
gii walidacji.

Stowa kluczowe: przemiany fazowe, stal wielofazowa, automa-
ty komdrkowe, model mezoskalowy, dylatometria, charakterystyka
mikrostruktury, walidacja modelu

1. INTRODUCTION

There is still a need to improve and develop new materi-
als for the automotive industry with a focus on such impor-
tant features as safety, fuel efficiency, environmentalism,
manufacturability, durability, and quality while minimiz-
ing the lifetime greenhouse gas emissions from produc-
tion, use, and end-of-life phases of the vehicle [1]. There-
fore, the global steel industry continuing the improvement
and optimization of process production of steels dedicat-
ed to the automobile’s construction. To fulfill the diverse
performance requirements of vehicle components exten-

sive scope of advanced high strength steels (AHSS) with
unique properties has been developed. Notwithstanding,
there exists a broad set of capabilities to ameliorate prop-
erties of the already developed steel grades, for instance as
shown in the works [2-4]. This process is also supported
by research using computer modeling of microstructural
phenomena in a virtual space, such as numerical techno-
logical processes simulations accounting for phase trans-
formations at the mesoscale level [5-8].

Nevertheless, the used assumptions to build a numerical
model of phase transformations need to be verified and the
simulation results confirmed by experiments. Therefore,
one of the crucial aspects of mesoscale models develop-
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ment is their validation to prove their efficiency. In a lot of
works [6-15] concerning the cellular automata (CA) mod-
els of phase transformations, their qualitative and quanti-
tative validation using experimental data is presented. In
a few works [7, 8, 10-12] the simulation results were vali-
dated quantitatively based on the kinetics of phase trans-
formations, which is extremely valuable information for
the verifying modeling assumptions. On the other hand,
only in some works [6-10, 13-15], authors validated their
developed CA models qualitatively based on direct compar-
ison of simulated microstructures in the form of a digital
material representation (DMR) with metallographic imag-
es from microstructural studies using LOM or SEM tech-
niques. However, there is a lack of examples in the liter-
ature concerning the quantitative validation of simulated
microstructures using stereological methods and parame-
ters characterizing their morphology.

In this work, a physically-based mesoscale model from
our previous work [16] about the acronym CAFD2D-SSPT
(i.e. Cellular Automata and Finite Difference methods in 2D
for Solid State Phase Transformations) is used to perform nu-
merical experiments of continuous cooling of the complex
phase (CP) steel with the phase transformations of austen-
ite into ferrite, bainite, and martensite. The goal of this
paper is to present the validation methodology of the me-
soscale model simulation results using experimental data.
In order to validate the proposed CAFD2D-SSPT model,
a series of dilatometric experiments were carried out with
constant cooling rates, which subsequently were analyzed
with qualitative and quantitative methods. Next, the sam-
ples were investigated using optical microscopy and scan-
ning electron microscopy. The obtained metallographic
pictures were quantitatively analyzed using stereological
methods. Subsequently, the kinetics of ferrite phase trans-
formation, hardness, as well as stereological parameters
of experimental and simulated microstructures were com-
pared. The intention was to highlight the significance and
need to apply different validation methods, which could
indicate the good accuracy as well as misaligning of results
obtained with physically-based discrete models of phase
transformations at solid-state.

2. MATERIAL, EXPERIMENTAL PROCEDURE,
AND RESULTS

2.1. MATERIAL DESCRIPTION

The chemical composition of the investigated CP steel is
listed in Table 1. The material was produced in industrial
conditions as a steel strip, and therefore the steel is signed
as CP-IH (Complex Phase - Industrial Heat). The steel strip
was cold-rolled with a 65% total degree of deformation and
was supplied to the laboratory in the form of a sheet with
a thickness of 0.9 mm and dimensions 100 mm X 100 mm.

2.2. SCOPE AND METHODOLOGY

Dilatometry was used for the experimental study of the
phase transformations utilizing a Bahr dilatometer DIL 805
A/D, dedicated to quenching experiments. The steel sam-

Table 1. Chemical composition of the investigated steel CP-IH, [wt. %]
Tabela 1. Skiad chemiczny stali w gatunku CP-IH, [% wag.]
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ples used for the different thermal cycles executed in dila-
tometry were prepared with an atypical flat shape (cuboid)
and dimensions: 0.9 mm x 1 mm x 7 mm, which was im-
posed by the geometry of the supplied industrial materi-
al. In order to construct the CCT diagram, the continuous
cooling tests were performed. The dilatometric specimens
were first heated with an average rate of 3°C/s from room
temperature to the austenitizing temperature of 857°C.
Next, the samples were immediately cooled to room tem-
perature with a series of controlled continuous cooling
rates in the range from 0.5°C/s to about 409°C/s. However,
for cooling rates higher than 100°C/s, the quenching dila-
tometer was not able to follow the programmed tempera-
ture-time course with high precision. Therefore the cool-
ing rates 207°C/s and 409°C/s did not remain constant in the
whole range of the thermal cycle. The temperature-time
courses of experiments are presented in Fig. 1.
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Fig. 1. Temperature-time courses of dilatometric experiments

Rys. 1. Przebiegi temperaturowo-czasowe eksperymentéw dylato-
metrycznych

The resulting hardness of the dilatometry specimens
was characterized by Vickers hardness (HV) tests and mi-
crostructures were analyzed using light optical microsco-
py (LOM) and scanning electron microscopy (SEM). The
analysis was carried out in the middle of the length of the
dilatometric specimens, where the controlling thermocou-
ple was welded, to ensure that the microstructure observa-
tions were consistent with the dilatometry measurements.
LOM analysis was performed on an OLYMPUS DSX500i
optical digital microscope and SEM investigations were
carried out using an INSPECT F high-resolution scanning
microscope with a field emission gun. Hardness measure-
ment was taken using a Vickers HTM 1839 hardness tester
with a load of 4.9 N (HVO0.5).

The microstructure from the experiment with the high-
est cooling rate (409°C/s) was used to determine the ini-
tial austenite microstructure and grain size. To establish
the grain boundaries of the prior austenite and grain size

Steel C Si Mn Cr

CP-TH 0.155 0.389 1.531 0.225

0.031 0.004 0.015 0.039 0.009 0.002
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a methodology presented in work [17] was used. Further-
more, for microstructures from all experiments, the vol-
ume fraction of structural constituents was estimated by
quantitative metallography. A graphical software GIMP"
[18] was used to mark and outline structures in the form of
the raster image. It means that each structural constituent
is represented by a different color, which is exemplified in
the next section with the results. However, in further im-
age analysis (IA), each structural component was investi-
gated separately using a binary format. Next, the resultant
binary images were used to quantitative characterization
of the microstructures applying advanced analytical tech-
niques with a Met-Ilo program [19], as in the work of Rad-
wanski et al. [20].

Critical temperatures of the austenite transformation
on heating and austenite decomposition on continuous
cooling were determined from dilatometric curves using
the tangential extrapolation method in the dilatation curve
and its corresponding first derivative. Analyses were car-
ried out in accordance with the guidelines included in
works [21, 22]. Furthermore, the dilatometric curves were
quantitatively analyzed using a methodology presented in
associated publications [17, 23]. In effect, there was possi-
ble to determine directly volume fraction changes of the
austenite phase transformations’ products as a function of
time and temperature.

2.3. DILATOMETRIC AND MICROSTRUCTURE
INVESTIGATION RESULTS

In Fig. 2 the experimental CCT diagram for the investi-
gated CP-IH steel is presented. It was constructed based
on the analyses of the dilatometric curves from experi-
ments performed with continuous cooling rates. The se-
ries of cooling curves are plotted from the austenitizing

temperature of 857°C, together with the Vickers hardness
results measured for cooling rates between 50 and 409°C/s.
The start and finish transformation temperatures of each
structural constituent are assigned and the corresponding
points are connected resulting in the construction of the
CCT diagram. In consequence, four regions matching to
the new products of austenite (A) decomposition are re-
vealed, i.e. ferrite (F), pearlite (P), bainite (B), and martens-
ite (M). The occurrence of reported phase transformations’
products was verified by metallographic characterization.
According to the experimental CCT diagram of Fig. 2,
the first transformation product of the austenite decom-
position is ferrite, which takes place in the range of all
cooling rates. However, for the highest cooling rate (about
409°C/s), the austenite to ferrite transformation has the
lowest contribution and the bainite transformation domi-
nates. A small proportion of ferrite and martensite phases
are created, which was confirmed by the metallographic
investigation. Furthermore, ferrite was formed only at the
grain boundaries of the prior austenite in the form of fine
grains. In effect, for the obtained microstructure with the
highest cooling rate, it was possible to recognize and point
out the grain boundaries of the former austenite. For the
other cooling rates, ferrite transformation has prevailed
and a volume fraction of ferrite observed in the steel mi-
crostructures is not less than 29%. Therefore, from the
validation of the developed CAFD2D-SSPT model point of
view the phase transformations’ range visible on the CCT
diagram is favorable. Since the simulations of phase trans-
formations at the mesoscale using the CAFD2D-SSPT mod-
el mainly depend on the model formulation for the first
diffusional transformation product of the austenite. It is
related to the effect of the increase in carbon content in the
residual austenite during ferrite formation, which strong-
ly influences the start temperatures and character of the
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Fig. 2. Experimental continuous cooling transformation (CCT) diagram for CP-IH steel, determined from the analysis of the dilatometry

curves in continuous cooling from the temperature 857°C

Rys. 2. Wykres eksperymentalny czas temperatura przemiana (CTPC) dla stali CP-IH, wyznaczony na podstawie analizy krzywych dylatome-

trycznych przy ciaglym chlodzeniu od temperatury 857°C
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Fig. 3. Examples of microstructure images at different magnifications obtained with the help of LOM (a) and SEM (b, c, d, e) for a dilatometric
sample cooled with rate 50°C/s, and image (f) showing the outline of individual structural constituents present in the microstructure from
image (e). (Ferrite - is grey, Bainite - brown, Martensite - olive)

Rys. 3. Przykladowe obrazy mikrostruktury przy réznych powiekszeniach uzyskane za pomoca LOM (a) oraz SEM (b, c, d, e) dla prébki dyla-
tometrycznej chlodzonej z szybko$cia 50°C/s, a takze obraz (f) przedstawiajacy obrys poszczeg6lnych skladnikéw strukturalnych wystepuja-
cych w mikrostrukturze z obrazu (e). (Ferryt - kolor szary, Bainit - brazowy, Martenzyt - oliwkowy)
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other phase transformations of austenite. For cooling rates
lower than 50°C/s pearlitic transformation occurs. This
transformation was not taken into account in the devel-
opment of the CAFD2D-SSPT model. Therefore, only four
dilatometric experiments with the occurrence of ferrite,
bainite, and martensite transformations were considered
in further analyses, i.e. with the following cooling rates:
50°C/s, 77°C/s, 97°C/s and 207°C/s. For selected cooling rates
quantitative dilatometric analyses were performed. The
obtained results in the form of ferrite phase transforma-
tion kinetics were presented later and used in the valida-
tion of the physically-based CAFD2D-SSPT model.

Based on the instructions formulated in work [17] the
qualitative and quantitative analyses of metallographic im-
ages from the LOM and SEM studies were realized. In effect,
the structural constituents as ferrite, bainite, and martens-
ite were identified and described in the investigated dila-
tometric samples. In order to determine the volume frac-
tion of structural constituents in microstructures, a quan-
titative image analyses were performed using the Met-Ilo
program [19]. Exemplary microstructures of a dilatometric
sample cooled at a rate of 50°C/s are shown in Fig. 3 at dif-
ferent magnifications. A raster image corresponding to the
microstructure from Fig. 3.e) is presented in Fig. 3.f), on
which structural constituents are depicted with different
colors, i.e. grey, brown, and olive, respectively for ferrite,
bainite, and martensite. Furthermore, for the quantitative
assessment of the microstructure topology selected stere-
ological parameters were applied. To characterize ferrite
grains in each analyzed dilatometric sample stereological
parameters such as mean equivalent diameter, elongation
index, and shape index were used. The detailed results of
the quantitative image analysis of microstructures are pre-
sented in the next sections with the validation results of the
CAFD2D-SSPT model. Additionally in Fig. 3f) in the right
top corner a simulated microstructure is imposed, which is
discussed in detail later.

3. SIMULATION SETTINGS

The simulated material is the CP-IH steel which is char-
acterized in detail in Section 2.1. In the computer simu-
lations only the cooling curves with rates 50°C/s, 77°C/s,
97°C/s, and 207°C/s were implemented (see Fig. 2). The
temperature-time cooling curves used in simulations were
directly copied from experimental measurements, which
are presented in Fig. 1. This research is intended to present
and validate the numerical modeling results of the phase
transformations of austenite into ferrite, bainite, and
martensite, which were obtained with the CAFD2D-SSPT
model. Accordingly, to perform exact numerical simula-
tions of phase transformations the initial microstructure
of the investigated CP-IH steel is required. To replicate
the starting microstructure a DMR approach proposed by
Opara and Wrozyna [24] is adopted here based on SEM
metallographic picture. The virtual microstructure is ini-
tialized as polycrystalline austenite phase with a homog-
enous carbon concentration equal to average content in
the alloy (i.e. 0.155 wt. %), and with various orientations
of grains. The calculation domain with periodic boundary
conditions is defined by a two-dimensional 256x222 square
grid of cellular automata, representing a physical area of
20.48x17.76 um’. For more detailed information about

modeling assumptions and simulation key parameters, the
reader is referred to the previous related paper [16].

4. VALIDATION RESULTS AND DISCUSSION

To comprehensively validate the modeling results a di-
rect visual comparison between simulated microstructures
and SEM metallographic pictures with corresponding ras-
ter images is presented in Fig. 4 and also in Fig. 3e, and
Fig. 3f. The simulated results indicate that the morpho-
logical features of the microstructures are qualitatively
consistent only to some extent with the observations of
individual components of the structure in a real material.
Especially in Fig. 4d, the morphology of ferrite grains dif-
fers considerably between simulated and SEM investigated
microstructures. In the simulated microstructure, ferrite
grains take more globular shapes, and there is a lack of
other forms such as narrow and elongated grains. Further-
more, grains in simulated microstructures are much more
regular and their interphase boundaries are smooth with-
out any disturbed line segments. These morphological in-
consistencies are also quantitatively captured in stereolog-
ical analysis results with insightful parameters such as the
aspect ratio and shape index, which is presented later in
Fig. 5a and Fig. 5b. The discrepancies in comparison of the
microstructures are mainly caused by the assumption of
isotropic and homogenous conditions in the CAFD2D-SSPT
model with respect to the substructure and chemical com-
position of the initial microstructure into simulations. In
contrast, in a real material heterogeneous chemical ele-
ments distribution, impurities and anisotropic substruc-
ture is present, which locally affect the kinetics of phase
transformations and microstructure’s morphology, and in
consequence the mechanical properties of the alloy. Such
an effect is documented inter alia in works of Springer et
al. [25], He and Huang [26], in which strong influence of
chemical elements distribution in initial microstructures
on the progress of further phase transformations was ob-
served.

In relation to the qualitative investigations of microstruc-
tures, quantitative research was also carried out, which
results are presented in Fig. 5. In this case the CAFD2D-
SSPT model validation relied on the use of stereological
parameters to characterize the morphology of microstruc-
tures from simulations as well as from SEM investigations
of the dilatometric samples. Fig. 5 presents, in the form
of column charts, a summary of selected stereological pa-
rameters characterizing ferrite grains in microstructures
after physical and numerical experiments of continuous
cooling with the following rates: 50°C/s, 77°C/s, 97°C/s and
207°C/s. As can be seen in Fig. 5a and Fig. 5b, the values
of the aspect ratio and shape index of ferrite grains from
images of digital material representation differ consider-
ably from the values of these parameters describing grains
from the investigated microstructures using SEM, except
experiment with a cooling rate of 207°C/s for which almost
excellent convergence was obtained. It can be explained
by the fact that grain boundary diffusion of carbon along
austenite GB’s dominates in such undercooling which was
additionally intensified by adjusting the highest mobility
factor for this case ( M:",, =450 mol-m-J"-s™). More details
about this fitting parameter one can find in the previous
related work [16]. Therefore ferrite grains in the structure
have elongated shapes along the austenite grain bounda-
ries which is thoroughly exemplified in Fig. 4f (right top
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Fig. 4. Comparison of microstructures after continuous cooling experiments at rates of 77°C/s (a, b), 97°C/s (c, d) and 207°C/s (e, f), which are
derived from the scanning electron microscopy investigations (left), its metallographic image analyses (right), and from the simulations (in
the right top corner). In the colored micrographs, the ferrite is grey, bainite is brown, and martensite is olive

Rys. 4. Poréwnanie mikrostruktur po ciaglych eksperymentach chlodzenia z szybkosciami 77°C/s (a, b), 97°C/s (c, d) and 207°C/s (e, f), kt6re

pochodza z badan na skaningowym mikroskopie elektronowym (po lewej), metalograficznych analiz obrazu (po prawej) i symulacji nume-
rycznych (w prawym gérnym narozniku). Na kolorowych mikrografiach ferryt jest szary, bainit brazowy, a martenzyt oliwkowy
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Fig. 5. Summary of results in the form of selected stereological parameters characterizing ferrite grains in microstructures from simulations
and dilatometric samples after continuous cooling experiments at rates 50°C/s, 77°C/s, 97°C/s and 207°C/s, where: (a) aspect ratio; (b) shape
index; (c) equivalent diameter of ferrite grain; (d) area fraction of ferrite

Rys. 5. Zestawienie wynikéw w formie wybranych parametréw stereologicznych charakteryzujacych ziarna ferrytu w mikrostrukturach
z symulacji oraz prébek dylatometrycznych po eksperymentach ciaglego chlodzenia z szybko$ciami 50°C/s, 77°C/s, 97°C/s i 207°C/s, gdzie:
(a) wskaznik wydluzenia; (b) wskaznik ksztattu; (c) Srednia $rednica ziarna ferrytu; (d) udzial powierzchniowy ferrytu

corner with DMR microstructure). For an experiment with
a such high cooling rate (207°C/s) the influence of substi-
tutional elements is negligible. In other cases, the ferrite
grain aspect ratio from DMR’s indicates that the shapes of
these grains are less elongated than ferrite grains found in
metallographic images. Whereas, the shape index points
out that the ferrite grains in the digital material represen-
tation of the microstructure take more globular forms. Al-
though the results from the numerical simulations show
an upward trend in the aspect ratio along with the increase
in the cooling rate (Fig. 5a), as for empirical data, it is dif-
ficult to consider this result as satisfactory. As was high-
lighted previously, the discrepancies in the detailed char-
acteristics of ferrite grain morphology, which are depicted
in the digital material representation, are primarily due to
the simplifications adopted in the developed CAFD2D-SSPT
model. One of the reasons for this effect is the assumption
of isotropic conditions for volume diffusion of carbon in
the modeling space. The second is the determination of
the homogeneous distribution of carbon concentration in
the initial microstructure of DMR. Another reason is prob-
ably the omission of modeling the impact of phenomena

related to the substructure, e.g. carbon diffusion across
sub-grain boundaries, which results from an inadequate
degree of discretization of the modeling area to include
such subtle elements of the microstructure. Furthermore,
taking into account the redistribution of manganese in the
initial microstructure of DMR would allow the introduc-
tion of a banding effect in the material, which could affect
the directional growth of ferrite grains and lengthen their
shape in one of the growth directions. This effect was arti-
ficially introduced in the CA model presented by Bos et al.
[7], by establishing the Mn concentration profile in the dig-
ital material representation of microstructure. Although
the Mn concentration profile was fixed as a function only
of the y position of a cell, it allows identifying the essential
mechanisms of the band formation.

In contrast to the stereological indicators described earli-
er, for parameters characterizing ferrite grains less insight-
fully, such as the equivalent diameter and area fraction of
ferrite, a satisfactory agreement was obtained between
simulation results and empirical data. The values of the
average equivalent diameter of ferrite grains from numer-
ical simulations differ less than 0.3 um from the results of
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measurements of structures in the investigated material on
SEM, as shown in Fig. 5c. Furthermore, the graph in Fig. 5¢
perfectly illustrates the effect of increasing the cooling rate
on the refinement of ferrite grains, which equally reflect
the results of numerical simulations.

The image analysis’ results in the form of the area frac-
tion of ferrite from simulations and experiments are pre-
sented in Fig. 5d. The highest absolute error (3.4%) be-
tween results from both sources is obtained for the sample
cooled with rate 207°C/s. For other cases the discrepancies
are less than 2.5%. Therefore, one can conclude that the
simulation outcomes are consistent on a satisfactory level
of compliance with the empirical data. It is worth noting
that the area fraction of ferrite was determined for all mi-
crostructures, i.e. from investigated microstructures on
SEM and simulated microstructures in the CAFD2D-SSPT
model, with the same image analysis procedures using the
Met-Ilo software [19], in which the boundaries between
grains and phases are not included in the calculations be-
cause only grain areas are taken into account in the analyz-
es to characterize them.

Fig. 6 compares the graphs of ferritic transformation
kinetics derived from numerical simulations, as well as
quantitative analysis of dilatograms carried out using
QDILAM computer software [23]. The kinetic of ferritic
transformation was chosen for validation of simulation
results, because it is a key phase transformation with dif-
fusion character during cooling accompanied by segrega-
tion of carbon in the microstructure, and its course largely
determines the further progress of phase transformations
of the remaining austenite. For most simulated kinetics of
ferrite depicted in Fig. 6, one can deduce that the ferrite
nucleation is slower than for experimental results but the
subsequent ferrite growth is much faster. The reverse sit-
uation takes place for experiment with the cooling rate of
207°C/s, which can be caused by the underestimation in the
model of the ferrite start transformation temperature for
undercooling below the Ac, temperature. Moreover, one
can observe that only the kinetics of the phase transfor-
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Fig. 6. Modeling results of phase transformation kinetics for CP-IH
steel from numerical experiments of continuous cooling at rates: (a)
50°C/s, (b) 77°C/s, (c) 97°C/s, (d) 207°C/s

Rys. 6. Wyniki modelowania kinetyki przemian fazowych dla stali
CP-IH z numerycznych eksperymentéw ciaglego chlodzenia z szyb-
kosciami: (a) 50°C/s, (b) 77°C/s, (c) 97°C/s, (d) 207°C/s
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mation for an experiment performed with a cooling rate of
97°C/s on a good level of compliance throughout the ferrite
growth range coincides with the course of analytical stud-
ies. Other kinetic curves obtained in simulations strong-
ly deviate from experimental courses and stabilize about
half-second earlier but at almost the same level of the final
value of the ferrite volume fraction. For this reason, it can
be concluded that the presented simulation results in the
form of kinetics are at an acceptable level of convergence
with the empirical results. Nevertheless, probably a better
fit could be obtained if the effective mobility of the inter-
face (M:" ,) would be varied as a function of undercooling
as was proposed by Gamsjéger et al. [27].

The results presented in Fig. 7 allows to assess the effect
of undercooling, at various cooling rates, on the ferrite vol-
ume fraction course of changes as a function of tempera-
ture, and to which extent the numerical simulations reflect
this effect. Similarly as in case of the analysis of the ferritic
transformation kinetics from the numerical experiment of
continuous cooling at a rate of 97°C/s, so likewise for the
case of the ferrite volume fraction changes as a function
of temperature, the best convergence of curves from simu-
lation and the analytical investigation was obtained at this
cooling rate (see Fig. 7). For the first three cooling rates of
50°C/s, 77°C/s, 97°C/s, a satisfactory result was obtained of
matching the values of the ferritic transformation start
temperature to the empirical data, which are presented in
Fig. 7. Whereas, the least accurate of simulation results in
terms of matching the ferritic transformation start temper-
ature and the curves of the ferrite volume fraction changes
as a function of time and temperature were obtained for
a continuous cooling experiment at a rate of 207°C/s. This is
because, at this cooling rate, the transformation of austen-
ite into ferrite begins at significant undercooling, several
dozen degrees below the Ac, and Ae, temperatures, which
means that the thermodynamic conditions at the phase
transformations’ front are far from equilibrium. There-
fore, solving Stefan’s problem may introduce additional un-
derestimation of growth kinetics. Furthermore, the partial

80 Y T 1 T : T ¥ T y T

.
[=]

- w [o2]
o o (=]
1 | I I e

w
o
1

Volume fraction of ferrite [%]

° 4
20 | [=DILATOMETRY (207°Cls | [ ] e ¥
s SIMULATION (207°C/5) N L]
] [=e=DILATOMETRY (97°Cis) . °
e SIMULATION (S7°Cls) -

10 o =h=DILATOMETRY (77°Cis)
b SIMULATION (77°C5)
1 [=#=DILATOMETRY (50*Cis) n

0 e SIMULATION (50*Cis) .
1=-—L. T T T Y T ' T
200 300 400 500 600 700 800
Temperature [°C]

Fig. 7. Modeling results of volume fractions changes of individual
microstructural constituents as a function of temperature for CP-IH
steel from numerical experiments of continuous cooling at rates:
(a) 50°C/s, (b) 77°C/s, (c) 97°C/s, (d) 207°C/s

Rys. 7. Wyniki modelowania zmian utamkéw objetosci poszczegdl-
nych skladnikéw struktury w funkcji temperatury dla stali CP-IH
z numerycznych eksperymentéw ciaglego chlodzenia z szybkosci-
ami: (a) 50°C/s, (b) 77°C/s, (c) 97°C/s, (d) 207°C/s
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model of ferrite nucleation, in this case, underestimates
the undercooling value below the Ac, temperature.

In order to accurately validate the results of numeri-
cal simulations (see Fig. 8), the final volume fractions of
structural components were compared with the results of
analytical investigations, which were obtained from two
sources. The first source is the results of the quantitative
characterization of structures obtained based on metallo-
graphic studies, followed by the quantitative image analy-
ses of microstructure using the Met-Ilo software [19]. It was
assumed that the results of the quantitative assessment of
structures in the form of area fractions are equivalent to
the values of volume fractions. The second source is orig-
inating data from quantitative analyses of dilatometric
curves conducted with QDILAM computer software [23],
which in the form of kinetics are presented in Fig. 6. Where
the last values of kinetics define the final composition of
the microstructure after the completion of phase transfor-
mations.

Itis necessary to explain that the presented results of fer-
rite volume fractions obtained in the kinetics simulations
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using the CAFD2D-SSPT model are divergent with the out-
comes from simulated microstructures (DMR) image anal-
ysis using the Met-Ilo software [19] (compare results from
Fig. 5d and Fig. 8b), because of the method to calculate
ferrite volume fraction. In the CAFD2D-SSPT model calcu-
lations of ferrite volume fractions relies on summation of
the values of ferrite fractions both from cellular automa-
ta representing interior of ferrite grains and additionally
included interphase boundaries. Similar inconsistency
applies to the experimental results presented in Fig. 5d
and Fig. 8b, because ferrite volume fractions in the latter
are calculated from the difference between the residual
area fraction and determined area fractions of bainite and
martensite, so that grain boundaries and interfaces are in-
cluded in the calculations of the overall volume fraction of
ferrite. It is reasonable approach, because obtained results
from numerical simulations and microstructure investi-
gations on SEM can be directly compared with outcomes
from the quantitative dilatograms’ analyses, in which the
dilatation effect comes both from physical changes in
the interior of grains, interphase and grain boundaries.
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Fig. 8. Simulation results of final volume fractions of individual components of the structure (a) in CP-IH steel after continuous cooling
experiments at different rates and their comparison with results of image analysis of SEM micrographs and quantitative dilatograms analysis,

separately for: ferrite (b), bainite (c) and martensite (d)

Rys. 8. Wyniki symulacji koricowych ulamkéw objetosciowych poszczegdlnych skladnikéw struktury (a) w stali CP-IH po eksperymentach
ciaglego chlodzenia z ré6znymi szybkosciami oraz ich poréwnanie z rezultatami analizy obrazéw mikrografii z SEM oraz ilo$ciowej analizy

dylatograméw, osobno dla: ferrytu (b), bainitu (c) i martenzytu (d)
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Fig. 8a presents in the columnar diagram the results of vol-
ume fractions of individual structural components, which
were obtained after numerical cooling experiments at the
rates of 50°C/s, 77°C/s, 97°C/s and 207°C/s. In Fig. 8a one can
observe a downward trend in the ferrite volume fraction
as the cooling rate increases. Whereas, the volume frac-
tions of other austenite transformation products increases.
A more detailed comparison of the volume fractions’ val-
ues is presented in Fig. 8b, Fig. 8c and Fig. 8d, respectively
for ferrite, bainite, and martensite. It can be seen in Fig. 8b
that the final ferrite volume fractions from the simulations
for all used cooling rates differ slightly from the empirical
results within 2% range of absolute values, which can be
considered as a satisfactory level of convergence. The best
concurrence of the ferrite volume fractions was obtained
for a numerical experiment carried out at a cooling rate of
50°C/s, in which the absolute difference between the simu-
lation result and the quantitative analysis of the dilatogram
was 0.3%. Moreover, compared to the result of quantitative
structure analysis, this difference was only 0.2%.

In the case of volume fractions of bainite and martens-
ite, the obtained convergence between the simulation out-
comes and the results of quantitative characterization of
structures using IA procedures in Met-Ilo, similarly as for
the ferrite volume fractions, were in the range up to 2%
of absolute values, as is shown in the column charts in
Fig. 8c and Fig. 8d. In turn, the largest discrepancies be-
tween simulation results and empirical data were obtained
when compared with the outcomes of quantitative dilato-
gram analysis (QDILAM) for the most cooling rates, except
97°C/s, where the differences between the volume fractions
of individual structural components were in the range of
6% to 11.3%. However, it should be emphasized that the
results of the quantitative characterization of structures
using IA are more reliable because they result from direct
observation of the state of the microstructure. On this ba-
sis, it can be concluded that the volume fractions of bainite
and martensite obtained in numerical simulations are at
a satisfactory level of compliance with empirical results.
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Fig. 9. Comparison of the modeling and measurement results of
hardness in the dilatometric samples from experiments of continu-
ous cooling at rates: 50°C/s, 77°C/s, 97°C/s, 207°C/s

Rys. 9. Zestawienie wynik6w modelowania oraz pomiaréw twardos-
ci prébek dylatometrycznych z eksperymentéw ciaglego chlodzenia
z szybkos$ciami: 50°C/s, 77°C/s, 97°C/s i 207°C/s
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Another crucial aspect of the CAFD2D-SSPT model val-
idation was a comparison of the calculated hardness val-
ues from the numerical simulations with the results of
hardness measurements performed on dilatometric sam-
ples. The column chart in Fig. 9 presents a summary of
the hardness results obtained from measurements and
modeling. For continuous cooling experiments with rates
50°C/s, 77°C/s, and 97°C/s, the absolute hardness differenc-
es between the measurement and simulation results are
only about 15 HV. However, at a cooling rate of 207°C/s, this
difference increases to 38 HV. Nevertheless, it can be con-
cluded that the results of the hardness modeling of the vir-
tual microstructures are at a good level of convergence to
empirical data. The presented hardness modeling results
confirm the generally known conclusion that faster cool-
ing leads to an increase in steel hardness.

Fig. 10 depicts the estimated values of the mechanical
properties of the investigated CP-IH steel based on corre-
sponding equations presented in the previous related pa-
per [16]. As one can observe with an increase in the cool-
ing rate the highest mechanical properties are obtained,
which directly follows from their linear relationship with
the average hardness of the steel (see Fig. 9). Unfortunate-
ly, the presented results cannot be validated due to lack of
experimental data, because it is not possible to measure
mechanical properties on the dilatometry samples using
a standard tensile test. Nevertheless, the presented results
in Fig. 10 show the capabilities of the CAFD2D-SSPT model,
which next can be considered in the computer design of
AHSS steels.

Furthermore, detailed analyses were performed in or-
der to more precisely validate the simulation results. The
crucial parameters describing the ferrite phase trans-
formation and the final state of the microstructure were
chosen for quantitative assessment of the results because
they mainly decide about the mechanical properties of
the steel. Namely, the six following parameters were used,
i.e. the start temperature of the ferritic transformation
(Tr), the average equivalent diameter of ferrite grain (d,),
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Fig. 10. Estimation results of mechanical properties from numerical
experiments of continuous cooling at rates: 50°C/s, 77°C/s, 97°C/s,
207°C/s

Rys. 10. Wyniki oszacowania wlasciwo$ci mechanicznych z numery-
cznych eksperymentéw ciaglego chlodzenia z szybkosciami: 50°C/s,
77°C/[s, 97°C/s i207°C/s
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Table 2. Comparison of chosen crucial parameters from experiments and simulations

Tabela 2. Por6wnanie wybranych kluczowych parametréw z eksperymentéw i symulacji

Cooling rates
Data Parameter Unit
50°C/s 77°C/s 97°C/s 207°C/s
T, °C 745 729 718 670
d, um 2.6 2.4 2.1 1.9
V, % 69.95 62.30 32.75 29.51
EXPERIMENT
Vi % 2.78 8.77 33.70 25.69
Vu % 27.27 28.93 33.55 44.80
Hy, HV 254 285 312 378
TFS °C 738 729 721 714
d, pm 2.6 2.3 2.1 1.9
Vy % 70.15 62.55 32.27 27.56
SIMULATION
Vi % 2.79 8.74 32.36 27.81
Vu % 26.97 28.39 35.31 44.63
Hy HV 258 270 314 339
GOAL FUNCTION (0] - 0.010 0.027 0.028 0.067

2

(Té;-TFi. )2+(d;—d; )2+(V;-V;
i dy Vo
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Vg Vs Hy @

o =

volume fractions of ferrite (V,), bainite (V;) and martensite
(Va), average hardness of the microstructure (Hy). These
parameters obtained from numerical simulations and
experimental investigations are compared in Table 2.

For data from Table 2, a dedicated goal function was
formulated, which enables us to quantitatively assess and
validate the obtained results from numerical simulations
for each cooling rate separately. This function is defined
as a square root error between measured and calculated
parameters considered to the model validation. A simi-
lar assumption is commonly used in the inverse analysis
method [28], however, in this approach, the goal function
is calculated for all experiments simultaneously. In the
current analyses, the goal function is described by formula
(1), where: e and s are superscripts describing parameters
obtained from experiments and simulations, respective-
ly. When the value of the goal function calculated with
equation (1) is closer to zero, the simulation result is more
convergent with the experimental data. In Table 2 one can
see that the values of goal function for all cooling rates are
smaller than 0.1, and for most of them are even less than
0.03, which means that the convergence between the simu-
lation results and the investigation outcomes is almost ex-
cellent for parameters chosen to the CAFD2D-SSPT model
validation.

Based on the presented analyzes, one can conclude that
very good agreement between simulated and empirical re-
sults presented in Table 2, does not guarantee a good con-
sistency of model with experiment in terms of microstruc-
ture morphology, which were investigated using quantita-
tive and qualitative methods. For example, for the experi-
ment with a cooling rate of 97°C/s, a very good convergence
of the hardness, kinetics and final phase volume fractions
was obtained, while the worst match in terms of morphol-
ogy and stereological parameters. And conversely, for the
experiment with the cooling rate of 207°C/s, an excellent

6

fit was received in terms of morphology and stereological
parameters, and the worst coincidence of the hardness,
kinetics and final phase volume fractions were obtained.
This proves that the model is not perfect and needs to be
improved for further applications. Especially the heteroge-
neous chemical composition of the initial microstructure
should be taken into account in the simulations.

5. CONCLUSIONS

In this article, a two-dimensional mesoscale model
based on the concept of hybrid cellular automata was
used to study phase transformations in a CP steel during
continuous cooling. This model enables simulation of the
decomposition of austenite into ferrite, bainite, and mar-
tensite, accompanied by calculations of volume and grain
boundary diffusion of carbon. In effect, as a result, one
can observe the morphology of simulated microstructures,
corresponding carbon segregation as well as microhard-
ness distribution on the so-called maps with properties re-
distribution, which are depicted in our previous work [16].
These results with the kinetics of austenite to ferrite phase
transformation and predicted values of the CP steel hard-
ness are the subject of model validation.

A series of dilatometric experiments were carried out
with constant cooling rates in order to construct the CCT
diagram, select experiments without pearlite transforma-
tion, and next validate the CAFD2D-SSPT model. Compar-
ing directly the simulation results with the experimental
data, one can conclude that the model predicts the equiv-
alent diameter of ferrite and its area fraction, as well as
the volume fraction of structural constituents reasonably
well, which are depicted respectively in Fig. 5c, Fig. 5d, and
Fig. 8. The model exhibits also good agreement between
forecast values of hardness and measurement results (see
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Fig. 9). Furthermore, the convergence of these simulated
results with empirical outcomes was confirmed quantita-
tively in Table 2 using the dedicated goal function, which
is defined in equation (1). The values of goal function for
all considered experiments are smaller than 0.1, and for
most of them are even less than 0.03, which proof the ex-
cellent convergence of the simulated results. The model
also predicts qualitatively well the trend of ferrite grains
refinement as well as increase of mechanical properties as
a function of cooling rate, which is exemplified in Fig. 5c,
Fig. 9, and Fig. 10, respectively.

Despite very good convergence of simulated and empir-
ical results presented in Table 2, some quantitative and
qualitative divergence can be detected, especially when
more detailed investigation of microstructure morphology
is performed. The assessment of microstructure morphol-
ogy using the image analysis technique and stereological
parameters such as aspect ratio and shape index of fer-
rite grains show that simulated microstructures are less
consistent with the SEM micrographs (see in Fig. 5a and
Fig. 5b) than using other criteria. For this reason, the use of
more sophisticated techniques of microstructure morphol-
ogy assessment is justified, so that one can exactly validate
the simulation results in various ways. Furthermore, direct
visual comparison between simulated microstructures and
SEM micrographs as well corresponding raster images (see
Fig. 3e and Fig. 3f, Fig. 4) reveal significant differences in
morphology. It can be explained by the assumption of iso-
tropic and homogenous conditions in the CAFD2D-SSPT
model with respect to the substructure and chemical com-
position of the initial microstructure in the DMR. In effect,
simulated microstructures contain ferrite grains with reg-
ular shapes, smooth interfaces, and there is a lack of oth-
er inhomogeneity forms of structure such as narrow and
elongated grains. Therefore to improve the presented CA
model heterogeneous conditions such that are present in
the real material should be considered, in particular with
respect to the chemical composition of the initial micro-
structure.

The comparison of the kinetic curves depicted in Fig. 6
and Fig. 7 also reveals some discrepancies between simu-
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lation and experiment results. Only the kinetic curve from
the numerical experiment performed with a cooling rate of
97°C/s has a good convergence with the result from analyt-
ical studies throughout the ferritic transformation. For the
most simulations, the kinetic curves strongly deviate from
experimental courses and stabilize about half-second ear-
lier, however at the same level of the final ferrite volume
fraction as in experiments. Therefore, one can conclude
that the presented results of the kinetics are at the accept-
able level of compliance.

In conclusion, the presented validation methodology of
the developed CAFD2D-SSPT model reveals that the model
needs to be improved, despite excellent convergence of the
simulated results with empirical outcomes in some quan-
titative and qualitative aspects, because for other criteria
the divergence between results is noticeable. This shows
how important is to introduce different validation param-
eters that could indicate the good accuracy as well as mis-
aligning of results obtained with physically-based discrete
models of phase transformations at mesoscale like the de-
scribed one in this work. Moreover, based on that there is
a prospect to correct the model on the way of successive
approximations. Then getting a good convergence of simu-
lation and experiment results in all validation aspects will
be possible.

Notwithstanding the drawbacks of the presented CAF-
D2D-SSPT model, after the introduction of several im-
provements especially heterogeneous conditions in the
initial microstructure, it can be used as a tool, in the form
of a computer program with a user-friendly interface, to
design and analysis of optimal thermal cycles to produce
multi-phase steels with the specified microstructure and
phase composition. That can be a useful approach from
the point of view of steel producers for the automotive in-
dustry.
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