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Abstract: Integrated computational materials engineering (ICME) is emerging as an increasingly
powerful approach to integrate computational materials science tools into a holistic system and
address the multiscale modeling challenges in the processing of advanced steels. This work aims
at incorporating macroscopic model (finite element-based thermal model) and microscopic model
(CALPHAD-based microstructure model), building an industry-oriented computational tool (MI-
CAST) for casting of steels. Two case studies were performed for solidification simulations of tool
steel and stainless steel by using the CALPHAD approach (Thermo-Calc package and CALPHAD
database). The predicted microsegregation results agree with the measured ones. In addition, two
case studies were performed for continuous casting and ingot casting with selected steel grades, mold
geometries and process conditions. The temperature distributions and histories in continuous cast-
ing and ingot casting process of steels were calculated using in-house finite-element code which
is integrated in MICAST. The predicted temperature history from the casting process simulation
was exported as input data for the DICTRA simulation of solidification. The resulting microseg-
regation by the DICTRA simulation can reflect the microstructure evolution in the real casting
process. Current computational practice demonstrates that CALPHAD-based material models
can be directly linked with casting process models to predict location-specific microstructures for
smart material processing.

Keywords: solidification; microstructure modeling; casting; steels; Calculation of Phase Diagrams
(CALPHAD); Integrated computational materials engineering (ICME); finite element method

1. Introduction

Semi-finished products are mainly produced by continuous casting or by ingot casting.
The casting process involves many physical phenomena including heat transfer, solid-
ification, fluid flow, segregation, solid phase transformation, microstructure formation,
hot crack and mechanical behavior [1-4]. Microstructure and possible defects during the
solidification and cooling of steels are significant factors for the control of the properties and
the quality of casting products. However, it is still very difficult to find a comprehensive
fundamental approach to trace the microstructure evolution and defect formation along
a given industrial process path. This is mainly due to solidification and microstructure
occurring in a wide range of length scales (from the atomic scale to the dimension of the
macroscopic process) and non-equilibrium states in real casting processes. Multiscale mod-
eling and its supporting numerical computation methods are playing an increasing role
in understanding and interpreting experimental observations and reducing experimental
costs associated with microstructural evolution [5-8].

Alloys 2023, 2, 321-343. https:/ /doi.org/10.3390/alloys2040021

https://www.mdpi.com/journal/alloys


https://doi.org/10.3390/alloys2040021
https://doi.org/10.3390/alloys2040021
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/alloys
https://www.mdpi.com
https://orcid.org/0000-0002-9881-1375
https://orcid.org/0000-0001-6019-0676
https://orcid.org/0009-0008-1975-1708
https://doi.org/10.3390/alloys2040021
https://www.mdpi.com/journal/alloys
https://www.mdpi.com/article/10.3390/alloys2040021?type=check_update&version=1

Alloys 2023, 2

322

Numerical simulation of casting processes has been quite mature at the macroscopic
level [9-13], including the finite difference method (FDM)), finite element method (FEM) and
finite volume method (FVM). Based on these methods, commercial simulation software [14]
for the casting process have been developed, such as ProCast, Thercast, MAGMASoft,
and Flow3D. These simulation tools [15-22] allow prediction of temperature, fluid flow,
distortion, stress and even microstructure in continuous casting or ingot casting. The
main key issues are the properties and microstructural features of materials which play an
important role in numerical simulations.

Phase and property diagrams are often used to understand the solidification path of
steel. More generally, computational thermodynamics or the so-called CALPHAD (Cal-
culation of Phase Diagrams) methods [23] are used for this purpose. Equilibrium (lever
rule) and non-equilibrium (Scheil-Gulliver) models are two approximate models to pre-
dict the solidification path in a simple and efficient way without evoking complex kinetic
calculations. Furthermore, a full diffusion model can result in an extension of the Scheil
model by taking into consideration the back-diffusion in the solid. Microsegregation is an
inevitable phenomenon in the solidification process, which occurs due to solute redistribu-
tion during solidification. It has an important influence on the subsequent metallurgical
process and the final quality of the steel. It has also significant effects on macrosegregation,
hot tearing formation, particle precipitation and phase transformation. Microsegregation in
the solidification of steels has been the topic of many investigations [3,4,24-30]. A practical
example of predicting microsegregation during solidification using a steel with composition
0.4 wt.%C-0.8 wt.%Mn-0.7 wt.%5i-0.03 wt.%P is given by Thermo-Calc [31].

Nowadays, integrated computational materials engineering (ICME) is emerging as a
promising tool for developing advanced materials and improving manufacturing processes
to meet challenging goals quickly and efficiently [32-34]. As a key component of the ICME
approach, CALPHAD-based material properties and microstructures are utilized in the
integrated numerical approach, making it possible to model the solidification with focus
on microstructural evolution during the casting of steels. Incorporation of these software
tools into a simultaneous manufacturing and product engineering process will result in
improved computational efficiency and make correct information available at the right time.
The application of ICME will accelerate materials development, design and manufacturing.

The slow transition of science-based materials calculation tools to engineering tools
and the lack of materials engineers trained to use these tools have hindered ICME’s indus-
trial acceptance in the casting of steels. This situation in Sweden has been improved via
continuous development of the ICME-based computational tool—MICAST [35,36].

The present work describes the CALPHAD-based ICME approach employed in a
MICAST platform for continuous casting and ingot casting of steels, which is being utilized
by industrial users. The simulation results for the processes (continuous casting and ingot
casting) and their microstructural evolutions are presented. It is emphasized that this
work aims to predict microsegregation as a part of microstructure modeling in the ICME
framework for steel casting.

2. Theory and Methods
2.1. Thermodynamic and Kinetic Calculation for Solidification

Computational thermodynamics and the so-called CALPHAD method are well estab-
lished [37,38]. It can be used to predict phase equilibria and thermodynamic properties
for complex multi-component systems, and can be extended to prediction of material
properties, alloy design and processes optimization.

Different simplified models for simulating solidification of alloys are available. One
of the most frequently used models is the Scheil-Gulliver model [39,40] (Figure 1). Scheil
solidification assumes infinitely fast diffusion of all elements in the liquid and no diffusion
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in solid phases once they are formed. In this case, equilibrium exists at the solid-liquid
interface and so compositions from the phase diagram are valid. In Thermo-Calc [41],
this model is expanded by considering back-diffusion of interstitial elements (such as C
and N in steels) in the solid phase. In the recent version of Thermo-Calc, Scheil with
a simultaneous diffusion calculation in the primary phase is available, which requires
additional kinetic data and takes dendrite spacing and cooling rate into account.

S/L
Cs — £, —>
CL .............. ? .......................... H dCL
CL_CS
Gy S ~ df.
kCo ‘

Solid S/IL  Liquid > X,fs
Figure 1. Schematic of Scheil-Gulliver model [42].

The equilibrium solidification and the Scheil-Gulliver models provide a fast and reliable
method of determining the key phenomena and microstructural features during solidification.

An even more accurate approach would be necessary to consider diffusion of all
elements both in the liquid and the solid phases during solidification. This is possible in
DICTRA (The diffusion module as an add-on module to Thermo-Calc [41]), which is based
on the numerical solution of the multi-component diffusion equations and the CALPHAD
approach. DICTRA solves the liquid/solid phase transformation in one dimension, where
local equilibrium is assumed to hold at the phase interface. It is meant that the chemical
potentials of all elements are continuous across the boundary, but the chemical potential
gradients are, in general, discontinuous. To maintain mass balance a set of flux balance
equations must be satisfied at the phase interface [43]:

() =TT k=1 ..,n-1 1)

where v is the interfacial velocity. The concentrations (c) and the fluxes (J) are those at the
interface and on the sides, respectively. Information regarding the size of the computational
domain and the temperature as a function of time are to be determined before performing
a DICTRA solidification simulation.

An example solidification process was simulated for AISI 314 steel (0.02 wt.%C,
2.7 wt.%Si, 1.75 wt.%Mn, 23.5 wt.%Cr, 19.4 wt.%Ni) stainless steel using two different
methods as shown in Figure 2. The DICTRA calculation was set-up assuming a secondary
dendrite arm spacing of ~200 pm (calculation domain of 100 pm) and constant cooling
rate of 1 °C/s. Figure 2a shows the solidification path for AISI 314 stainless steel during
peritectic solidification. The orange curve corresponds to the Scheil-Gulliver model (with
carbon as fast diffuser), and the blue curve to a DICTRA simulation. It is seen that Scheil
simulation results in an unrealistically low final solidification temperature compared to
DICTRA simulation. Figure 2b shows Si, Mn, Cr and Ni enrichment in remaining liquid at
the growth front during solidification as predicted by the Scheil-Gulliver model, demon-
strating significant microsegregation. In terms of simulation time, the DICTRA calculation
takes longer than the Scheil-Gulliver calculation.
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Figure 2. (a) Solidification path for AISI 314 stainless steel during solidification using both Scheil
model and DICTRA; (b) Micro segregation of elements in the liquid phase during solidification using
Scheil model.

2.2. Thermal Model

The thermal energy conservation equation for transient heat conduction is expressed as:
pC,T = V(kVT) +Q )

—kVT =q—he(T—T,) —eo(T* = T2) @)

where T is the temperature, p is the density of material, C, is the specific heat of material,
k is the thermal conductivity of material, Q is the latent heat source, g is the input heat
flux, h. is the heat transfer coefficient under natural convection, ¢ is the Stefan-Boltzmann
constant, T, is the ambient temperature, and ¢ is the emissivity.

The explicit model used here solves the standard heat conduction equation using the
finite element method for spatial integration and marches through time using the fully
explicit “forward finite-difference” method:

Tivr = Ti+ At T 4)
The temperature is computed directly without any iteration:
T;=C7\ (P~ F) 5)

where C is the lumped thermal capacity matrix, P is the applied source vector, F is the

internal thermal flux vector, T is the changing rate of temperature.

The thermal stable time increment is generally defined by the condition that, within
the time increment, the thermal wave must not propagate a distance longer than the
minimal dimension of any finite element in the mesh. Consequently, the thermal stable
time increment is defined as

< min(Lg) 6
< o ©)
where L, is the smallest element edge length, while « is the thermal diffusivity of material.

Obtaining a unique solution to the heat transfer equation involves declaring the
boundary conditions of the heat transfer problem.
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For a two-dimensional problem the transient temperature field on the cross-section
of cast strand for each time step is computed by using Equations (4) and (5) as well as
boundary conditions based on Equation (2).

For continuous casting of billets, the Lagrangian approach of a cross-section slice
through the strand is employed, ignoring the axial heat conduction. A three-dimensional
temperature field is obtained by moving the cross-section from entry to exit of the con-
trol volume. The strand core eventually becomes fully solidified when it reaches the
“metallurgical length”.

For ingot casting, only solidification processes for the specified vertical 2D cross-
section are analyzed. A series of temperature fields for all parts (metal, mold, riser insulator,
powder) are resulting for a specified cooling time.

2.3. Model Integration

The link between macroscopic casting process simulations and CALPHAD solidifica-
tion models allows simplification of the complex process—microstructure relationship in the
casting of steels based on the effect of processing and compositions on temperature history
at the microstructural scale. Figure 3 shows a schematic diagram for the CALPHAD-based
ICME approach on a MICAST platform. It demonstrates how CALPHAD tools and FEM
can be linked together in ICME frameworks. At first, temperature and chemistry-dependent
thermophysical properties are obtained via CALPHAD tools (Thermo-Calc [41], IDS [44])
as input data for FEM, giving more accurate predictions. Secondly, the predicted tem-
perature information is applied as input data for DICTRA simulation for getting detailed
microsegregation and phase transformation prediction. This approach is summarized in
Figure 4, which was used for the present work. In actual calculations, Scheil calculations
are first performed to obtain preliminary information about possible solidification paths
and microsegregation profiles before performing real DICTRA calculations.

Thermodynamic Mobility
database database
R 2 R 2
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Figure 3. Schematic diagram for CALPHAD-based ICME approach on a MICAST platform.

Currently, only a heat transfer thermal model for the casting process is integrated
into the MICAST platform. More advanced models (for example, FEM-based stress and
strain analysis, and FVM-based flow and thermal analyses) for specified industrial casting
processes are being integrated into the MICAST computational platform. It is also expected
that the computational tools will have no limitation on the complexity of alloys through
coupling with CALPHAD databases, which is the benefit of the ICME approach.
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Q Input data for FEM (temperature-dependent thermal
properties and liquid fraction for a certain compositions)

@ Output data from FEM (temperature — time curve for a
certain geometry position)

Figure 4. Linkage between FEM and CALPHAD tools.

MICAST is designed as a workspace, which may include multiple modules for per-
forming a variety of simulations and can be easily extended. Currently, two modules
are available, which are the Property and Microstructure module for multi-component
thermodynamic and kinetic calculations, and the Process simulation module for casting
process simulation, including continuous casting and ingot casting.

This ICME framework can be achieved by incorporating macroscopic models (finite
element-based thermal models) and microscopic models (CALPHAD-based microstructural
models), building an industry-oriented computational tool (MICAST) for casting of steels.
MICAST can deliver a user-friendly interface which allows industrial users to get started
quickly. All Thermo-Calc and DICTRA calculations as well FEM calculations can be
performed within the MICAST interface without any coding. The integrated commercial
Thermo-Calc extensive database allows modeling of any steel grades or alloys covered by
these databases.

In the present work, DICTRA simulations were performed with input thermodynamic,
mobility, and kinetic-parameter databases as well as solidification conditions (alloy com-
position, cooling rate or temperature—time curve) to predict solidified phases and their
fractions, SDAS (secondary dendrite arm spacing), and distribution of solutes with each
phase. Those predicted results form the basis of subsequent microstructural analyses.

3. Results and Discussions

For all selected alloys, Thermo-Calc and DICTRA were used first to carry out equilib-
rium calculation, Scheil calculation and DICTRA calculation inside the MICAST interface,
focusing on solidification simulation of steels. This is described in Section 3.1.

Then the process simulations for both continuous casting and ingot casting were
performed by MICAST process simulation modules together with pre-calculated material
thermal properties by CALPHAD tools. Furthermore, DICTRA simulations were performed
to predict microsegregation using temperature history data from FEM. This is described in
Section 3.2.

3.1. General Solidification

A solidification calculation for austenitic stainless steel 904L (Fe-0.01 wt.%C-0.35
wt.%Si-1.7 wt.%Mn-20 wt.%Cr-25 wt.%Ni-4.3 wt.%Mo-1.5 wt.%Cu) was performed using
DICTRA, assuming secondary dendrite arm spacing of 56 um (estimated from the mea-
surement of concentration profiles), constant cooling rate of 1.0 °C/s, starting temperature
of 1438 °C. Samples taken from continuously cast 150 x 150 mm billet of stainless steel
were used for EPMA studies, which were prepared by grinding and polishing. EPMA
measurements were performed on cross-sectional samples without etching for studying
the microsegregation of an as-cast structure using a Jeol JXA 8530F Plus Hyperprobe,
equipped with a field emission gun with five spectrometers plus an additional EDS detec-
tor. The subsequent data-processing including quantification, and image processing was
carried out.



Alloys 2023, 2

327

1400

1380

"
w
o
=3

Temperature, °C
e
2
5

1320 1

1300

Another solidification calculation for tool steel (Fe-0.39 wt.%C-1.0 wt.%5i-0.4 wt.%Mn-
5.2 wt.%Cr-0.9 wt.%V) was performed using DICTRA, assuming secondary dendrite arm
spacing of 12.6 um (estimated from the measurement of concentration profiles), constant
cooling rate of 180 °C/s, and starting temperature of 1500 °C. One piece of sample (~150 g)
was taken from the steel product after heat treatment. The sample was put inside an
alumina crucible and heated up in a lab-scale induction furnace with argon gas protection.
When the steel was fully melted, it was poured into a copper mold and solidified under
room temperature. After grinding and polishing, the specimen was etched to reveal
solidification structures using Nital 5% etching reagent. This sample was observed using
a scanning electron microscope (SEM-EDX) (FEI-QUANTAG600FEG-D8366). The dendrite
microstructure and composition distribution of elements were analyzed.

These experiments designed on one stainless steel and one tool steel aims at validating
the calculated microsegregation of elements. A comparison function between experimental
and calculated microsegregation has been integrated into the MICAST program.

3.1.1. Solidification Path Diagram

Figure 5 shows the mole fraction of solid as a function of temperature from two
solidification simulations of the specified stainless steel. It is seen from Figure 5a that the
solidification follows the same path from the beginning and deviates from about 1370 °C,
finishing with a higher solidus temperature when using DICTRA. The calculated solidus
temperature 1314 °C by using DICTRA is closer to the measured value (1328 °C). It is
shown from Figure 5b that liquid is transformed directly to austenite at the first stage
and then the sigma phase appears during solidification from the Scheil calculation. It
should be pointed out that the sigma phase is not set as product phase to be formed in the
DICTRA simulation.
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Figure 5. Calculated solid fraction vs. temperature using Scheil and DICTRA for solidification of the
stainless steel used: (a) comparison using DICTRA and Scheil; (b) detailed phases using Scheil.

A stable Fe-Ni isopleth phase diagram is shown in Figure 6. A vertical line with an
arrow is drawn to indicate the possible solidification path from liquid at the designed nickel
content. The FCC phase is first formed. The solidification path according to Figures 5 and 6
is expressed as:

L=L+y=L+v+0 )

where L is liquid phase, v is austenite phase, o is sigma phase.
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Figure 7a shows a comparison for the calculated solid fractions between Scheil and
DICTRA for the specified tool steel. It is seen that the solidification follows the same
path from the beginning and deviates from about 1450 °C, finishing with higher solidus
temperature when using DICTRA. The starting temperature is 1500 °C and simulation
time is 2 s, giving an ending temperature 1140 °C. It is found from Figure 7b that liquid
is transformed to § ferrite at first stage and then the austenite phase appears during
solidification from the Scheil calculation. No M7C3 phase is set as the phase formed in the

DICTRA simulation.
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Figure 6. Fe-Ni isopleth phase diagram for the stainless steel.
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Figure 7. Calculated solid fraction vs. temperature using Scheil and DICTRA for solidification of the
tool steel: (a) comparison using DICTRA and Scheil; (b) detailed phases using Scheil.

A stable Fe—C isopleth phase diagram is shown in Figure 8. A vertical line with arrow
is drawn to indicate the possible solidification path from liquid. BCC phase is first formed,
FCC is decomposed from BCC and liquid.

The liquid is solidified through the peritectic reaction which means before liquid
is fully transformed to o-ferrite, austenite nucleates at the d-ferrite/liquid interface as
illustrated in Figures 7 and 8. The solidification sequence is written as:

L=L+d=L+vy+0=vy (8)
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where L is liquid phase, ¢ is ferrite phase, v is austenite phase.
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Figure 8. Stable Fe—C isopleth phase diagram for the tool steel.

3.1.2. Microsegregation during Solidification

In MICAST, the segregation index for any element is used by defining a value C/C0. C
is the locally measured concentration of a certain element and CO0 is the bulk concentration
of the same element. Segregation indexes of all elements for the stainless steel used just
before final solidification are depicted in Figure 9. Even though carbon has the largest
segregation index, it has little effect on the system due to its low content. The segregation
index of carbon drops quickly after full solidification (Figure 10) as carbon can diffuse
rapidly in the austenite. Carbon diffuses so rapidly that no obvious concentration gradient
is found in the solid phase during solidification.
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Figure 9. Segregation indexes of all elements just before final solidification (57.8 s, solid fraction 0.88,
temperature 1354 °C) for the stainless steel.
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Figure 10. Segregation indexes of all elements after final solidification (125 s, temperature 1287 °C)
for stainless steel.

Mass percents of all elements for the tool steel used just after 0.4 s are depicted in
Figure 11. The interfaces between BCC and FCC, as well as FCC and LIQUID, are moving
towards the outside of the material when the temperature goes down, leading to a growing
FCC into the liquid and BCC. This is a typical peritectic reaction as shown in Equation (8).

Element

4 _
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w
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Figure 11. Concentration profiles of all elements just after 0.4 s (corresponding to a solid fraction of
0.76, temperature 1440 °C) for the tool steel.

The mapping results of elements for the stainless steel are given in Figure 12, showing
to some extent microsegregation of all elements.

Figure 13 shows the experimental and predicted concentration profiles of elements
for the stainless steel used. It is found that nickel has lowest microsegregation and it is
consistent with the segregation indexes shown in Figure 10. It should be noted that the
nominal compositions result in larger deviations for Cr, Ni and Mn. Furthermore, the



Alloys 2023, 2

331

modified compositions (0.01 wt.%C, 0.33 wt.%Si, 0.37 wt.%Mn, 16.24 wt.%Cr, 17.33 wt.%Ni,
4.83 wt.%Mo, 1.58 wt.%Cu) based on the average value of the measured results were
employed to generate new concentration profiles (red lines) which are close to the measured
values (blue lines). As can be seen from Figure 13, the predicted microsegregations are
generally consistent with the measured ones. Furthermore, the measured results show that
the secondary dendrite arm spacing is somewhat irregular. The predicted peak value for
the element Mn is larger than the measured peak. This may be due to slower diffusion of
Mn in the calculation.

Figure 12. EPMA mapping of elements for the stainless steel.

Experimentally obtained microstructure with concentrations of the elements Cr, V, Mn
and Si for the tool steel used is revealed in Figure 14. Figure 15 shows the experimental and
predicted concentration profiles of elements for the tool steel used. Despite the relatively
large deviation between the measured and predicted concentrations (especially for Mn
and Si), primarily due to the scattered measuring data, the predictions exhibit reasonable
alignment with the average measured values.

In the current Section 3.1, two case studies were carried out for a general solidifi-
cation study, corresponding to two steel grades (one stainless steel, one tool steel). The
predicted microsegregation results agree with the measured ones for both cases. From
the results in this section, feasible procedures are summarized to complete a general
solidification analysis:

(1) Equilibrium calculations using Thermo-Calc should be performed first to determine
knowledge of possible phases over a reasonable range of temperatures. It also gives a
picture regarding possible solidification reaction. An isopleth phase diagram provides
basic information on equilibrium solidification path.

(2) A Scheil calculation is carried out to obtain an overview of segregation of all elements
quickly and possible phases during solidification.

(3) A DICTRA setup model is created based on the information regarding phases and
temperatures from both the equilibrium calculation and Scheil calculation as well
as a calculation of domain size. DICTRA calculation is performed according to the
specified cooling rate or given temperature-time curve.

(4) A comparative analysis of experimental and calculated microsegregation is conducted.

Possible solidification paths are listed for the solidifying steel, which depend on
chemical composition and cooling rate:

(A) L=L+56=0=>v+9d

B) L=L+0=>L+v+0=>v+d
©C L=L+d=L+yv+0=>vy
D) L=L+y=L+v+0
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The modes (C) and (D) appear in the current work.
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Figure 13. Experimental and predicted concentration profiles of elements for the stainless steel.
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3.2. Solidification for Industrial Casting Process

Process simulations were performed by using Process simulation (CC) and Process
simulation (IC) modules in MICAST for continuous casting (CC) and ingot casting (IC)
processes, respectively. The solution for predicting the location-specific microstructures
used in MICAST includes two steps: (1) to calculate temperature histories at the specific
locations in the process simulations; (2) to build and run a DICTRA model to obtain
microsegregations, etc.

3.2.1. Temperature History from Process Simulation

In continuous casting (Figure 16a), the molten steel is cast in copper molds followed
by secondary cooling. A case study for stainless steel (0.01 wt.%C, 0.35 wt.%Si, 1.7 wt.%Mn,
20 wt.%Cr, 25 wt.%Ni, 4.3 wt.%Mo, 1.5 wt.%Cu) was carried out for casting a 150 x 150 mm
square billet with casting speed of 2.5 m/min.

Figure 16b,c shows the geometry with tracing points (from A to I) on the cross-section
of cast strand and 2D finite element mesh, respectively. A quarter of the entire cross-section
is selected for modelling. The cross-section is symmetric about X (AB) and Y (AD) axes with
origin Point A. Point C is located at the corner. The cast machine in the present calculation
was built according to real industrial technical data.

The calculated temperature—position curves at different tracing points (positions A,
E, E G, H, and I) are shown in Figure 17. The temperature evolution at the center point
(position A) of the cross-section allows determination of the metallurgical length based on
the full solidification.

An expression for secondary dendrite arm spacing is obtained by fitting data for
stainless steel (steel 413: 0.01 wt.%C, 19 wt.%Cr, 25 wt.%Ni, 4 wt.%Mo, 1,5 wt.%Cu) from
Jernkontoret [45]:

- —0.26
/\SDAS (um) = 66.193T (9)

where T is the cooling rate (°C/s).
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Figure 16. (a) Schematic diagram of continuous casting; (b) geometry with tracing points (A, B, C, D,
E, F, G, H, I) on the cross-section of 150 mm x 150 mm billet; (c) 2D finite element mesh.
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Figure 17. The temperature histories at the selected points from continuous casting of stainless
steel billet.

The time—temperature curves for positions E and I as shown in Figure 18 are exported
as csv data files. The average cooling rates are calculated for temperatures ranging from
liquidus temperature to solidus temperature as shown in Table 1. The corresponding
secondary dendrite arm spacings are estimated using Equation (9).

Table 1. Averaged cooling rates for positions E and I during solidification range of continuous casting,
dendrite arm spacing calculated by Equation (9).

Position Average Cooling Rate (°C/s)  Dendrite Arm Spacing (um)
E 0.67 74
I 5.31 44
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Figure 18. Time-temperature curves at the selected positions (E and I) for continuous casting case.

The grid widths required for DICTRA simulation for cooling rates 5.31 °C/s and
0.67 °C/s are 22 pum and 37 um, respectively, based on the dendrite arm spacings in Table 1.
Two DICTRA models were generated using time—temperature data with a temperature
range (1400 °C down to 1280 °C), estimated grid widths as well as solidification path
(Equation (7)).

With ingot casting (Figure 19a), the molten steel from the steelworks solidifies in molds
to form conical blocks, each with a mass up to several tons. A case study was carried out

for a 2.9-ton ingot casting of tool steel (Fe-0.39 wt.%C-5.2 wt.%Cr-1.4 wt.%Mo-0.9 wt.%V-
0.4 wt.%Mn-1.0 wt.%Si).

IS .F
&P
H
&
A 8
(a) (b) (0)

Figure 19. (a) Schematic diagram of ingot casting; (b) geometry with tracing points on the vertical
cross-section; (c) 2D finite element mesh.

In the current model, only two-dimensional heat flow in a vertical section through the
mid-width of the ingot is considered. Figure 19b,c shows the geometry with tracing points
on the cross-section and 2D finite element mesh.
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The variations of the temperature over time on the specified locations (positions
H and I) are shown in Figure 20. The time—temperature curves are plotted in Figure 21
and the data are exported as csv data files. The average cooling rates are calculated for
temperatures ranging from liquidus temperature to solidus temperature as shown also in
Table 2. The corresponding secondary dendrite arm spacing is estimated using an empirical
formula for H13 steel by Mao et al. [46]:

- —0.322
/\SDAs(LLm) =46.93-T (10)
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Figure 20. Time—temperature curves at the selected position (H and I) for ingot casting case.
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Figure 21. Time-temperature curves at the selected positions (H and I) for ingot casting case.

Table 2. Averaged cooling rates for positions H and I during solidification range of ingot casting,
dendrite arm spacing calculated by Equation (10).

Position Average Cooling Rate (°C/s) = Dendrite Arm Spacing (um)
H 0.01 206
I 1.26 44

The measurements of secondary dendrite arm spacing for the samples from different
locations in the tool steel used were conducted, ranging from 126.4 to 134.7 um.

The grid widths required for DICTRA simulation for cooling rates 1.26 °C/s and
0.01 °C/s are 44 pm and 206 pum, respectively, based on the dendrite arm spacings in
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Table 2. Two DICTRA models were generated using the time-temperature data (Figure 21),
dendrite arm spacing data (Table 2), as well as solidification path (Equation (8)).

3.2.2. Microsegregation Using Temperature History Data

Figure 22 shows the calculated solid fraction vs. temperature for positions E and I
using DICTRA and precited temperature history data for the case of continuous casting of
stainless steel. It is seen that the solidification follows the same path from the beginning
and deviates from about 1350 °C, finishing with a higher solidus temperature for position
E. It demonstrates that higher cooling rate may result in a lower solidus temperature.
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Figure 22. Calculated solid fraction vs. temperature with different cooling rates for positions E and I,
respectively in continuous casting of stainless steel.

Figure 23 shows the segregation indexes of all elements with different cooling rates
at solidified fraction (0.95) in continuous casting of stainless steel. It is seen that cooling
rate influences the microsegregation of elements, mostly in the final liquid pool in the inter-
dendritic region. All elements are positively segregated in the solidified FCC close to the
final liquid pool and in the final liquid pool, except for the element Ni which has negative
segregation. The study [47] also reported a negative segregation of Ni from measurement
by EPMA in a Fe-Cr-Ni-Mo-N super-austenitic stainless steel.

Figure 24 shows the calculated solid fraction vs. temperature for positions H and I
using DICTRA and precited temperature history data for the case of ingot casting of tool
steel. Again, a higher cooling rate results in a lower solidus temperature according to
Figure 24. The calculated segregation indexes of all elements for the two positions (H and I)
at solidified fraction (0.9) for the case of ingot casting of tool steel are shown in Figure 25. For
all elements, higher cooling rates can cause severe segregation, especially in the remaining
liquid pool.

The results of DICTRA simulation for positions H and I for the case of ingot casting of
tool steel are also presented in Figures 26 and 27, respectively. It is found that the fractions
of austenite (y) are slightly different at the temperature (around 1425.1 °C) for the two
positions. In other words, austenite (y) may form at a higher temperature for position
H as the cooling rate is lower. The profiles of ferrite (5) are obviously different for the
two positions.
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Figure 24. Calculated solid fraction vs. temperature with different cooling rates for positions E and I,
respectively in ingot casting of tool steel.
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Figure 25. Segregation indexes of all elements for the two positions (H and I) at solidified fraction
(0.9) in ingot casting of tool steel.
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Figure 26. The results of DICTRA simulation for position H in ingot casting of tool steel.
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Figure 27. The results of DICTRA simulation for position I in ingot casting of tool steel.

The corresponding animations for Figures 26 and 27 are also available for interested
readers, which illustrate the dynamic solidification process when the temperature falls
from the liquidus temperature, showing a liquid fraction variation from 1 to 0 in the state
bar (see the Supplementary Materials).

In the current Section 3.2, two case studies were performed for process simulations
(continuous casting and ingot casting) with selected steel grades, mold geometry and
process conditions using the finite element method.

From the process simulation practice, it may help to answer the following questions:

(1) For continuous casting, what factors cause the biggest changes in the metallurgical
length of the strand and the shell thickness under the mold?

(2) For ingot casting, what factors cause the changes of full solidified time?

(3) In which positions do the most pronounced microsegregation occur? How does it
effectively trace the temperature history of the interested positions from the center to
the surface below the meniscus?

The practice of the MICAST computational tool shows that the CALPHAD-based
material models can be associated with the casting process model to predict the location-
specific microstructures, so as to achieve the most efficient product manufacturing. This is
conducted in the following procedures:

(1) The temperature distributions and histories in continuous casting and ingot casting of
steels were calculated using in-house finite-element code integrated in MICAST.

(2) The predicted temperature history from the casting process simulation was exported
as input data for the DICTRA simulation of solidification.

(3)  The resulting microsegregation by the DICTRA simulation will be compared with the
measured ones if available. The measured microsegregation values at the specified
locations are missing in the current paper and will be carried out in future work.

4. Conclusions

The following conclusions are drawn for this work:

(1) Integrated computational materials engineering (ICME) of the industrial casting pro-
cess can be achieved by incorporating macroscopic models (finite element-based
thermal models) and microscopic models (CALPHAD-based microstructural models),
building an industry-oriented computational tool (MICAST) for casting of steels. MI-
CAST delivers a user-friendly interface which allows industrial users to start quickly.

(2) Two case studies were performed for solidification simulations of tool steel and stain-
less steel by using the CALPHAD approach (Thermo-Calc package and CALPHAD
database). The predicted microsegregation results agree with the measured ones.



Alloys 2023, 2 341

From the results in Section 3.1, feasible procedures are proposed to complete a general
solidification analysis.

(38) Two case studies were performed for process simulations (continuous casting and
ingot casting) with selected steel grades, mold geometry and process conditions using
the finite element method. The temperature distributions and histories in continuous
casting and ingot casting of steels were calculated using in-house finite-element code
integrated in MICAST. The predicted temperature history from the casting process
simulation was exported as input data for the DICTRA simulation of solidification.
The resulting microsegregation by the DICTRA simulation reflects the microstructure
evolution in the real casting process. Current computational practice demonstrates
that CALPHAD-based material models can be directly linked with casting process
models to predict location-specific microstructures for smart material processing.

(4) The animation of solidification sequence plus other outputs could be used as good
pedagogical tools.

Supplementary Materials: The corresponding animations for Figures 26 and 27 can be downloaded
at: https://www.mdpi.com/article/10.3390/alloys2040021/s1.
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