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THE COMPLEX COMPUTER SYSTEM BASED ON CELLULAR AUTOMATA
METHOD DESIGNED TO SUPPORT MODELLING OF LAMINAR COOLING
PROCESSES

The user friendly computer system that have thaluidity of modelling material behaviour both at theacro
and micro scales was developed in this work. Tretesy was designed to predict microstructure ewatuti
during phase transformation in laminar cooling dbods with the use of the multi scale cellular@utta finite
element (CAFE) model. The finite element (FE) parbased on the conventional Fourier type equatiwhis
used to predict macroscopic temperature distribufidnis is an input for the micro scale cellulatcamata (CA)
model of austenite-ferrite phase transformationfdaailitate the research, proposed micro scale nidel was
implemented within developed universal object-argenprogramming framework CAF. Description of major
assumptions and functionality of the developed mizaksystem including efficient Graphical Userdriace
(GUI) is presented in the paper. The intuitive gi&zation of data obtained in different length ssafacilitates
work with the software.

1. INTRODUCTION

The main problem in computer modelling systemsaoisrdalistically describe the
phenomena occurring in materials at micro scaleellainder the complex thermal or
mechanical processing conditions and at the same firovide an easy to use, user friendly
numerical tool. In recent years many different nuoa approaches with varying level
of complexity were developed to describe phenommwurring in materials (e.g., using
Finite Element (FE) method to predict temperatuistridution in different cooling
conditions or using Cellular Automat (CA) methodsimulate phase transformations, etc.
[1],[2],[3]). When combined together, they can dész material behaviour in different
length scales. Thus, these models create very exnmplilti scale numerical tools, however
they require an expert knowledge for appropriate itere are various approaches to multi
scale modelling, that can be generally classifred two groups: upscaling and concurrent
approaches, as seen in Fig. [4].
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In the upscaling class of methods, constitutive ef®dt higher scales are constructed
from observations and models at lower, more eleamgnscales. By a sophisticated
interaction between experimental observations fierént scales and numerical solutions
of constitutive models at increasingly larger ssalphysically based models and their
parameters can be derived at the macro scale, whdiscussed in [5]. Methods of the
computational homogenisation, e.g. [6], are consdl¢o belong to this group of methods.
Since in these approaches the micro models areectethto particular integrations points,
solution at the micro scale level is usually ins&vesto the mesh density at the macro scale.
The upscaling models, can be uncoupled or fullyptedi Thus, information is passed
between scale only in one or two directions, retpely.

In the concurrent multiscale computing, one strives solve the problem
simultaneously at several scales by an a prioohposition. Two-scale methods, whereby
the decomposition is made into coarse scale ameactale, are usually considered [7].
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Fig. 1. Classification of the concurrent and upagamultiscale models [4]

Multi scale numerical models are becoming increglgimore often applied to support
not only scientific investigations but also applredearch dedicated for industrial partners.
These models provide a wide range of possibilithesnalysis material behaviour under
industrial conditions in subsequent length scatesvever, their practical application is still
limited by the fact that modelling with these mathaisually requires cooperation between
engineers working in industry and scientists respgme for model development and
implementation. That inspired the authors to createmplex multi scale computer system,
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which combines the simulation of phenomena at thersmand micro scales, but remains
easy to use and user-friendly at the same timea Aase study, a multi scale numerical
model of laminar cooling process often used in gtduto control final microstructure and
product properties was developed. Laminar cooliigwa the control of the phase
transformation mechanisms in the material afterrbbing. It involves the cooling of the
material by spraying the top and bottom surface wiater at the appropriate pressure
using sets of cooling boxes. The proposed numeapakoach is based on the cellular
automata finite element (CAFE) method [8],[9],[10],]. At this stage of the research an
uncoupled upscaling multi scale model was crealefdrmation from the conventional
macro scale finite element simulation of heat tfr@nduring cooling is used as boundary
conditions for the micro scale cellular automatadeicof phase transformation occurring
during cooling. As a result, users obtain not ggllybal information on temperature profile
across the sample but also corresponding micrdateic morphology, which is
of importance to properly design the final matepiaperties.

Basis of the macro and micro scale models develtmeithe purposes of this research
are presented next.

2. MODELS

The finite element model is used to predict temjpeeagradients occurring during
laminar cooling operations. The temperature chawrgescalculated by the FE solution on
the basis of the Fourier heat transfer equation:

Tk(T)OT+ QM= 6(Vo( % ®

where: k(T) — conductivity, Q(T) — heat generation rate due to transformation,
Cy(T) — specific heatp(T) — density,T — temperature,— time.
The following boundary conditions were used in $bkution:

o=a(t-T) @

where: a — heat transfer coefficienf, — surrounding temperature or tool temperature,
n — unit vector normal to the surface.

Discretization of the problem is performed in aitgb finite element manner [12].
Heat transfer coefficienta for the air cooling was calculated using combined
convection/radiation equation. Due to the influeméea number of random phenomena,
determination of the heat transfer coefficient tloe water cooling is a complex problem.
This part takes into account influence of numbercobling boxes used during laminar
cooling. In the present work this coefficient wastedtmined on the basis of research
described in [13]. Heat exchange was measured ddows conditions and the following
equation was proposed by approximation of the exyssrtal data:
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—2.455
a=3.15¢ 16w 700-— 1 100 J { + 1 (3)
exp(0.T - 70+ exp 0.025- 6.5
where:
W — water flux rate.

This method of calculation of the heat transferfitcent was successfully applied in
[14] to simulation and optimization of the laminaoling of hot rolled strips, thus it was
used in the present work as the basis for theftisadly multi scale model.

Results in the form of temperature distributionoasr the investigated sample at the
macro scale in subsequent time steps are then @ for the concurrent simulation
of phase transformation evolution. Data transfetqgwol is based on detailed information
of temperature changes, in particular locationsoserthe sample. The microstructure
evolution at the micro scale level is predicted thg developed CA model, which is
designed to simulate austenite — ferrite transftionaluring cooling [15],[16].

In the developed model, each CA cell is describgdseveral state and internal
variables in order to properly describe physicatesof the material. The cell can be in three
different states: ferriteaf, austenitey) and ferrite-austenitendy), as shown in Fig. 2. The
last state is used to describe CA cells locatetiainterface between austenite and ferrite
grains. Additionally, internal variables are defineto describe other necessary
microstructure features. Cells contain informatiery. how many ferrite phase is in
a particular celf;;, what is the carbon concentration in each €gll the growth length;
of the ferrite-austenite cell into the austenitd oethe growth velocity;; of the interface
cell. The major governing equation that controks pinase boundary movement is a product
of the phase transformation driving force and thage boundary mobility:

- MF = - Q (4)
v=MF=M,D(T)F MoDoexp(RTjF

where:

Mo — mobility coefficient,T — absolute temperatureg — diffusion coefficient.

The driving force for the phase transformatiémns a sum of the mechanical driving force
Fmech @and chemical driving forc&...n The former, related with the influence of plastic
deformation, is neglected in the present model. [@kter is due to the differences in the
carbon concentration in equilibrium conditions aatual carbon concentration in each cell:

I:chem = IB(C eq(TD - CJ,/ j) (5)

where:
B — model coefficientC., — equilibrium carbon concentration calculated gslimermocalc
software,C;; — carbon concentration in thigl\ CA cell.

These internal variables are used in the developadsition rules to replicate
mechanisms of phase transformation. Two major prtee model are defined to describe
nucleation and growth of the ferrite grains intce thustenitic matrix. The detailed
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description of discussed model is available in J1B]. Similar solutions with different
level of complexity are more often used to solveéathergical problems, see e.g. [17].

Presented above finite element and cellular autamammerical models, are the core
of the developed user friendly system that is dieedrin the following chapter.
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Fig. 2. lllustration of the nucleus of the ferrikase and the surrounding cells in the ferrite eanits
(ofy) state

3. COMPUTER SYSTEM

In order to address as wide as possible group teintial users, the proposed complex
multi scale computer system was designed for coenmpwith Windows operating system.
To obtain required level of user friendliness therQVlanaged programming language was
selected for the implementation purposes. The CAsehtransformation model was
implemented within the Cellular Automata Framew{@AF) developed in [16],[18] and
available in the form of the DLL library. The CAHaws to create microstructure models
with pseudo-language that is easily understoodrigyneers who don’t have programming
skills. Below is a list of basic assumptions of treanework:

. framework is to serve primarily the constructmfrcomplex physical models,
. framework should be efficient and effective,

. framework has to be easy to use for people wimni #aow programming,

. CA Framework should work properly on differentogting systems.

The FE solution was written in the Fortran languageobtain high computing
efficiency and was also compiled into the form dflOibrary. Finally, mentioned models,
in the form of DLL libraries, are incorporated inttoe developed graphical user interface
(GUI) that is used to provide all the necessanapmters and process conditions for users
not familiar with the implementation issues (Fig. As seen in Fig. Fig. 3, the main
parameters for the FE part of the system, which lmareasily modified and reset, are
divided into two groups in the ta¥lesh propertiesThe first deals with process conditions:
initial temperature prior to cooling, shape and @mnsions of the investigated sample and
cooling schedules. The second contains materiat éatissivity coefficients, heat exchange
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parameters and initial grain size. The user interfallows to design several cooling stages,
to provide required level of flexibility during metling.
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Fig. 3. Tab with setup parameters for the FE phttie@ system

Presently several commonly used shapes of longuptedubjected to laminar cooling
can be preselected for further calculations (squarele, circle with ribs) as seen in Fig. 4.

Size of the finite element mesh is adjusted autmaify to the prescribed sample
dimensions.
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Fig. 4. Two types of meshes. a) ¥ circle b) ¥4 eiwith ribs

Finally, the developed user interface provides asjimlity to select location at the
macro scale sample, where micro scale phase tramsfion model will be attached to
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provide corresponding information on the phasesfi@mation during cooling. User can
easily select interesting point by left-mouse butg seen in Fig. 5.
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Fig. 5. Selection of locations for subsequent mgwale CA calculations

At this stage of research the maximum number ohtpavhich can be selected for
micro scale simulation, is set to 5 in order noextend computational time. When smaller
amount of micro scale points is selected then tisehes this step with the buttdstop
Marking.

The main parameters of the CA part of the systasrsat in theCA propertiestab as
seen in Fig. 6. Similar to the FE part, parametetbe CA tab are divided into two groups
dealing with the computational space setup (CA splmensions, physical size of each CA
cell, initial temperatures etc.) and material prtips (Thermocalc data, grain boundary
mobility, activation energies etc.).

All the CA model parameters that are set throughittlerface are exported into the
XML file, which is a standard input format for tlsenulations realized on the basis of the
developed CAF, including phase transformation modiehally after the calculations
obtained results of the simulation can be eassyalized in théResultgab.

In order to facilitate handling of input data anataoned results a dedicated data base
was developed and incorporated into the preserappuater system. That way all the data
regarding finite element model (mesh settings, damn condition setting etc.) and CA
settings (CA space size, neighbourhood type ete.stored for future references. Results
obtained from the previous calculations are avéldbr detailed investigation, as well. At
present, more advanced visualization of the cellalsomata results (carbon content, phase
distribution, etc.) is realized in the external mpource scientific visualization software
ParaView. Obtained data from the proposed systemaatomatically exported into the
required vtk format for further visualization. Inet future these data will be also visualized
within theResulttab.
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Fig. 6. Tab with setup parameters for the CA phthe system

Examples of results obtained at the macro and nscede levels for the preselected
points from Fig. 5 are shown in Fig. 7. Temperatprefile obtained in particular point
(Fig. 5) is used as input for the CA calculatiorg(F a, 7c, 7d).
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Fig. 7. Temperature changes during cooling proobtsined from the macro scale model and correspgndi
microstructure evolution with inhomogeneous carbistribution in investigated points

It is assumed in the model that the dimension efGA cell in the space Isca=1um.
The CA space in the example is 400x400 and initially it contains 120 austenite grains.
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This is equivalent to the average grain size ofrexmately 4um. Comparison between
the phase transformation kinetics for investigatenhts is presented in Fig. 8 a and 8 b.
Based on obtained results it is possible to evaluat only differences in cooling
conditions in various locations across the micragtire but also corresponding
microstructure morphology. Data on phase transfaomakinetics are additionally

supported by detailed evolution of progressing phtiansformation in subsequent time
steps.

a) b)

800.00

750.00

[=3]
=1

19))
=1

700.00

—Cya

Temperature[°C]

—Cyp

Acl

650.00

Ferrite fraction [%]

=—ppnoint 1
== point 1 20 i

=—d=point 2
600.00 #— point2

/ 0
550.00

800 750 700 650 600
0.00 0.10 0.20 0.30 0.40 0.50 0.60
Carbon content [%)] Temperature [*C]

Fig. 8. Phase transformation results: a) carboceaatnation change in the austenite phase, b)ddrattion
evolution as a temperature function

As seen, the CA calculations stops when ferritestfi@mation is finished. Remaining
austenite phase with different carbon concentragerl is considered to further transform
into perlite, bainite or martensite depending owliog conditions. The CA models for

subsequent transformations are under developmehthey will be incorporated into the
developed multi scale modelling software.

4. CONCLUSIONS

The complex, but user friendly, computer systemigiesl to support modelling
of laminar cooling processes was presented in dpemp The multi scale cellular automata
finite element model of the industrial laminar aaglprocess is the main part of the system.
User friendly graphical interface facilitates ugehee CAFE model and in the present form

it can be a useful tool in industrial practice,\pding not only global but also detailed local
information on material behaviour.
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The following steps are required to prepare a st on the basis of the developed

multi scale computer system:

1) Setting initial parameters for the FE and CA.

2) Setting the required cooling schedule.

3) Selection of the points for micro scale simulation.

4) Running FE model.

5) Running CA model on the basis of input data prodidg the FE solution.

Beyond this, the following functionalities of thgstem should be pointed out:

1. Possibility to store input and output data.

2. User-friendly interface.

3. Convenient visualization of simulation data.

Presented computer system will be further developeatder to extend its modelling

capabilities towards simulation of other phasedfammations (perlitic, bainitic, martensitic)
occurring during laminar cooling.
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