IOP Conference Series: Materials Science and Engineering

On the modelling of microsegregation in steels 'Aé—u—“—'“—?zﬁ?.ﬁgé‘??;‘;?g i”.lE""”“k’a:"S:‘:e‘
. . . ndreas Nikolaus Danilewsky, Yusuke
involving thermodynamic databases Okamoto, Klaus Werner Benz et al.

- Phase field simulation of the columnar
dendritic growth and microsegregation in a
binary alloy
Li Jun-Jie, Wang Jin-Cheng and Yang
Gen-Cang

To cite this article: D You et al 2016 |IOP Conf. Ser.: Mater. Sci. Eng. 119 012027

- Numerical simulation of dendrite growth
. . . and microsegregation formation of binary
View the article online for updates and enhancements.

alloys during solidification process
Li Qiang, Guo Qiao-Yi and Li Rong-De

This content was downloaded from IP address 193.171.193.121 on 23/07/2020 at 14:05


https://doi.org/10.1088/1757-899X/119/1/012027
http://iopscience.iop.org/article/10.1143/JJAP.31.2195
http://iopscience.iop.org/article/10.1143/JJAP.31.2195
http://iopscience.iop.org/article/10.1088/1674-1056/17/9/063
http://iopscience.iop.org/article/10.1088/1674-1056/17/9/063
http://iopscience.iop.org/article/10.1088/1674-1056/17/9/063
http://iopscience.iop.org/article/10.1088/1009-1963/15/4/019
http://iopscience.iop.org/article/10.1088/1009-1963/15/4/019
http://iopscience.iop.org/article/10.1088/1009-1963/15/4/019

International Conference on Materials, Processing and Product Engineering 2015 (MPPE 2015) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 119 (2016) 012027 doi:10.1088/1757-899X/119/1/012027

On the modelling of microsegregation in steels involving
thermodynamic databases

D You, C Bernhard, S Michelic, G Wieser and P Presoly

Chair of Ferrous Metallurgy, Montanuniversitat Leoben, Franz-Josef-Strale 18, 8700
Leoben, Austria

E-mail: dali.you@stud.unileoben.ac.at

Abstract. A microsegregation model involving thermodynamic database based on Ohnaka’s
model is proposed. In the model, the thermodynamic database is applied for equilibrium
calculation. Multicomponent alloy effects on partition coefficients and equilibrium
temperatures are accounted for. Microsegregation and partition coefficients calculated using
different databases exhibit significant differences. The segregated concentrations predicted
using the optimized database are in good agreement with the measured inter-dendritic
concentrations.

1. Introduction

Microsegregation results from solute partitioning at the dendritic scale during solidification. This
phenomenon can lead to the formation of defects during the casting process (e.g., hot tearing) and also
negatively affect the product quality (inhomogeneous microstructure and undesirable primary
precipitates). Hence, it is not surprising that this research topic has already been intensively
investigated by several research groups in the past[1-6].

Existing modeling approaches consist of numerical and analytical models. Numerical solutions,
depending on the magnitude of model building, are typically complex to solve. Process models are
constrained by the need to save calculation time. Therefore, these models generally refer to simple
analytical approaches. More elaborate software products are DICTRA®[7] and IDS®[8], which are
widely applied for solving diffusion and phase transformation problems[9-11]. The present concept
applies an easily solvable analytical model coupled with the thermodynamic library ChemApp®[12]
and with both commercial and self-optimized databases in the background. The optimization of the
databases is an ongoing activity and based on extensive DSC measurements of high-temperature phase
transformations in Fe-C-Si-Mn-Al systems[13]. More details are described in the paper
“Thermodynamic optimization of individual steel databases by means of systematic DSC
measurement” which is also submitted to this conference. In future research, the proposed model will
be coupled with a phase nucleation model to take the formation of non-metallic inclusions above the
liquidus and during solidification into account.

2. Model description

In the proposed model, microsegregation was calculated using Ohnaka’s model. Thermodynamic
equilibrium calculation was performed using ChemApp and selected thermodynamic databases.
ChemApp is an interface software developed by GTT Technologies, Herzogenrath, Germany. It may
be linked with a source code written in FORTRAN, C/C++, Visual Basic® and Borland Delphi®. In
this case, FORTRAN was applied as the programming language. Microsoft Visual Studio 2013 was
used as a main frame provider and modern compiler. The schematic of the model is described by
Figure 1.
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Figure 1. Schematic of the microsegregation model.

2.1. Analytical equation

For considering the changes of the partition and diffusion coefficients, Ohnaka’s model was integrated
into Equation 1. Local partition coefficients and diffusion coefficients were calculated at each
solidification step, but within the increase of solid fraction by Af;, they were assumed to be constants.

1-Tf; 4ak

1-k
+ _ T Wi =1-
Ci = CL{l—F-(fS+AfS)} r,withl'=1 Tan (1)
_ 4D5tf
T (A2)? 2)

where f; represents the solid fraction; C;" and C,, are the concentrations of solutes in the residual liquid
at solid fractions of f; and f; + Af;, respectively; k is the equilibrium partition coefficient between
solid and liquid; « is the back diffusion coefficient, which can be calculated using Equation 2; D, is
the solute diffusion coefficient in solid; t; is the local solidification time; and A is the secondary
dendrite arm spacing.

2.2. Parameters

In the applied model, temperatures at the solidification interface and partition coefficients (k) were
calculated using ChemApp. At each solidification step, for a multicomponent system, the phase
transformation point from liquid to solid was detected after the activity of d-ferrite or austenite
approached one. Then, the concentrations of solutes in both liquid and solid and the temperature were
determined. For simplification, Figure 2 describes a binary system of the above process. The diffusion
coefficients (D) applied in the calculations are listed in Table 1.

The partition and diffusion coefficients used for the calculations were the average of the values
between the current and former steps. The temperatures were updated in a loop until the difference
between two adjacent values was less than 10° K.
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Figure 2. Schematic illustration of the determination of partition coefficients and temperatures.

Table 1. Diffusion coefficients of solutes.[14-16]

Elements Ds%(m’s™) D,?(m’s™)
C 0.0127Exp(-81301/RT) 0.0761Exp(-134429/RT)
Si 8.0Exp(-248710/RT) 0.3Exp(-251218/RT)
Mn 0.76Exp(-116935/RT) 0.055Exp(-249128/RT)
P 2 9Exp(-229900/RT) 0.01Exp(-182666/RT)
S 4.56ExXp(-214434/RT) 2 4Exp(-212232/RT)
Al 5. 9Exp(-241186/RT) 5.15Exp(-245800/RT)

 R: 8.314 J/(K-mol); T: temperature in Kelvin.

Secondary dendrite arm spacing was estimated using Equation 3, which is influenced by the local
solidification time and initial carbon content.[17] In the first step, the local solidification time is
estimated. In the second step, the local solidification time is calculated according to Equation 4 after
obtaining the solidus temperature. This process was repeated until the difference between two adjacent
local solidification times was less than 10 seconds,

1 1
ho= (27.3 — 13.1Co3)t/5 3)
T.—T
te = LR—CS 4)

where A, (Um) is the secondary dendrite arm spacing, C, is the initial concentration of carbon in mass
percent, t; () is the local solidification time, R. (K/s) is the cooling rate, and T, and Ts (K) are the
liquidus and solidus temperatures, respectively.

In addition, the peritectic reaction was realized in a simple way similar to other analytical models. If
ChemApp detects that the solid phase at the solidification interface will change from &-ferrite to
austenite, the partition and diffusion coefficients of austenite were applied.
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3. Comparisons with characteristic temperatures

Zero strength temperature (ZST) is the critical temperature below which solidifying materials start to
transmit strength inside the dendritic structure of both solid and liquid. Zero ductility temperature
(ZDT) is defined as the temperature at which ductility first starts to increase during the solidification
process. The schematic of ZST and ZDT is shown in Figure 3. Note that ZDT also stands for the non-
equilibrium solidus temperature. Both ZST and ZDT are strongly influenced by solute enrichments
and can comprehensively reflect the phenomenon. Additionally, hot tears generally form between ZST
and ZDT; thus, it is also desirable to reasonably estimate ZST and ZDT through solidification
modeling.
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Figure 3. Schematic of ZST and ZDT.[18]

According to the statistical analysis and experimental results from Won[19], the temperatures at solid
fractions of 0.75 and 0.99 were considered as ZST and ZDT. Note that the experimentally determined
ZST values correspond with the calculated solid fractions of between 0.65 and 0.8, whereas ZDT
commonly varies just between 0.98 and 1.0. Therefore, it cannot be expected that the ZST fits
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Figure 4. Comparisons of (a) ZST and (b) ZDT between predicted and measured data.[20-27]
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Figure 4 compares the ZST and ZDT from the calculated and measured data by different authors[20-
27] for a certain range of steels. In this part, the calculations were carried out using FSstel database.
Under the same given conditions of steel compositions and cooling rates, the calculated ZST and ZDT
are in reasonable agreement with the experimental results. Note that the correspondence between the
ZST from analysis and measured data is of rather poor quality. The main reason is that the ZST does
not necessarily coincide with a solid fraction of 0.75 but rather depends on the steel composition; Shin
et al.[21] found that the ZST varies between 0.6 and 0.7. In contrast, the correspondence of the
calculated and measured ZDT is excellent. The above results, to some extent, illustrate the
reasonability of the calculations. However, the comparisons of ZST and ZDT are only an inaccurate
way to verify the microsegregation predictions.

4. Influence of different databases

In this section, three different databases, FSstel(FactSage 6.4[28]), SGTE2014 and an optimized
SGTE version were applied to predict segregated concentrations of a TRIP steel. Among them, FSstel
and SGTE2014 are commercial databases; the optimized SGTE is a ‘private’ one. An important
information at this point is, that the Fe-C-Mn system is identical in all three databases and was not
optimized. However, in the private database the manganese interaction with Si and Al were selectively
optimized, based on model alloys and DSC measurements. The chemical composition of the selected
steel is listed in Table 2. For comparing with the following measured results, secondary dendrite arm
spacing was set to 18 um and the local solidification time was calculated using Equation 3.

Table 2. Chemical compositions (mass%).
C Si Mn Al
0.21 0.54 2.12 0.77

Figure 5 compares the results calculated with different databases. It shows that both solute
concentrations and partition coefficients exhibit significant differences. The carbon concentration
profiles (Figure 5 (a)) are similar until a solid fraction of 0.7 is reached, and then they differ;
concentrations of silicon and manganese (Figure 5 (b) and Figure 5 (c)) predicted with FSstel database
are close to those predicted with SGTE2014 database, while they are higher than those calculated by
the private database; for aluminium, all the three calculations show its negative segregation, and the
concentration in the residual liquid estimated with the private database is higher than those estimated
with the other two databases.

The differences in the concentration profiles can be well explained by the differences in the
corresponding partition coefficients. For positive segregation (carbon, silicon and manganese), the
smaller partition coefficients indicate the higher segregation; while for negative segregation, the
smaller partition coefficients lead to a lower segregation. Taking manganese as an example (Figure 5
(c)), the partition coefficient calculated using the private database is always larger than those
calculated using the FSstel and SGTE2014 databases, which results in a lower concentration profile
calculated with the private database. Note that the sharp changes of partition coefficients in Figure 5
are caused by the peritectic reaction. It shows that peritectic reaction times of different calculations
vary with each other. At the same time, peritectic reaction leads to the decreases of back diffusions,
which further increases the concentrations in residual liquid. This explains the higher concentrations
calculated with the FSstel database for silicon and manganese between solid fraction 0.63 and 0.79,
though their partition coefficients are larger (Figure 5 (b) and (c)). Different databases have their own
parameters for the Gibbs energy minimization and thermodynamic equilibrium calculations.
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Therefore, the partition coefficients and equilibrium concentrations calculated with different databases

vary with each other.
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Figure 5. Predictions of segregated concentrations and partition coefficients with different databases
(a) carbon, (b) silicon, (c) manganese and (d) aluminium.

For comparing with the predictions, a sample with the same compositions as listed in Table 2 was
produced by means of high-frequency remelting and spin-casting. The small sample (60g) was
solidified with high speed and water-quenched so that the back diffusions of solutes were minimized.
Then, the microprobe analysis was performed on a selected cross section. The concentration
distributions of the solutes are shown in Figure 6.
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Figure 6. Concentration distributions of (a) cross section and (b) line scan of secondary dendrites.

From Figure 6 (a), both primary and secondary structures are clearly drawn by the segregated
concentrations of manganese, aluminium and silicon. The carbon concentration distributes quite
evenly due to its fast diffusion. To evaluate the calculations, the concentration profile between two
secondary dendrite arms was investigated in detail. A line scan was performed on the secondary
dendrites as indicated by the red line in Figure 6 (a).

Figure 6 (b) describes the concentration distributions of manganese and aluminium over the line scan
distance. Concentrations of manganese and aluminium reflect the microsegregation. Manganese gets
enriched in inter-dendrite zones and approaches to the highest concentrations. By contrast, aluminium
shows a negative segregation and reaches the lowest concentrations in inter-dendrite zones. Compared
with the measurements, the segregated trends are predicted well by the proposed model. For the
values, the measured inter-dendritic concentrations of manganese range from 3.4% to 4.0%. As shown
in Figure 5 (c), the segregated concentration of manganese calculated with the private database is
about 3.5% which fits well with the measured results. While for the predictions with the FSstel
database and the SGTE2014 database, the final segregated concentrations exceed 10% which seems to
be unrealistic. For aluminium, the measured inter-dendritic concentrations vary from 0.65% to 0.75%.
The inter-dendritic concentration predicted with the private database of 0.68% is closer to the
measured value than the results calculated with the other two databases (0.57%).

Based on the above discussion, the proposed model can better predict the microsegregation of the
investigated TRIP steel with the private database. Optimization of the database is necessary to better
describe the thermodynamic equilibrium of selected steels and the work is still ongoing in the current
research group.

5. Summary

In the present study, Ohnaka’s model was coupled with thermodynamic databases for predicting
microsegregation of steels. The solute enrichment of a TRIP steel was calculated with two commercial
and one private optimized thermodynamic databases. The results were compared with measured inter-
dendritic concentrations of the selected experiment. According to the investigations, the following
conclusions can be drawn:
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e By coupling with a thermodynamic database, the present model offers new development space
for simple analytical models.

e Using the private optimized database, solute enrichment of selected steels can be better
predicted with the present model.

e The model can also function as a tool for giving feedback for the database optimization.

In future studies, using this model, the consideration of the precipitation of even very complex non-
metallic phases (oxides and carbides) during solidification would be possible. Furthermore the
coupling of the analytical microsegregation model with nucleation and growth kinetics for inclusions
in steel is intended, opening many new areas of application.
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