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1. Introduction

In the past few decades, a good number of
mathematical models have been developed
to simulate the solidification and micro-
structure of metallic alloys. Many of these
methods have been reviewed by Hu and
Argyropoulos[1] and particularly, those
applied in continuous casting, have been
reviewed by Thomas.[2] In continuous cast-
ing, it is still difficult to find a comprehen-
sive solidification and microstructure
model to be able to track the microstruc-
tural evolution along a given industrial pro-
cess path.[3] This is due to the use of a very
wide range of length scales, along which
the important phenomena of solidification
and microstructure evolution can occur.

In earlier work, a thermodynamic–
kinetic–empirical tool called InterDendritic
Solidification (IDS) was developed to
simulate the occurrence of interdendritic
segregation during the solidification of
steels.[4–7] The model is based on a “gray
box” methodology[5] as it combines both

empirical (black box) and fundamental (white box) models.
Recently, significant efforts have been made to decrease the
computational expense of the IDS, which has made the tool suit-
able for online calculations of various parameters during continu-
ous casting.[8] Its early milestone version[3] was based on the
calculation of thermodynamic equilibrium at the advancing
solid/liquid phase interface, depending on the finite kinetics
(e.g., by finite solute diffusion in solid) controlled by the solidifi-
cation process. The tool could be applied for low-alloyed steels
including the formation of only some most essential inclusions,
like MnS. Thereafter, the tool has been extended to include lots of
new features, such as the formation of numerous inclusions and
precipitates during solidification and subsequent cooling, forma-
tion of eutectic ferrite in stainless steels,[9] growth of austenite
grains,[10] decomposition of austenite at low temperatures, and
calculation of thermophysical material properties. Most of
these advancements have been discussed in other studies.[4,5]

The simulations in the current IDS tool are executed using several
calculation modules.[7] The main module is the solidification
(SOL) module that describes the solidification process
itself and the subsequent ferrite/austenite transformation and
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InterDendritic Solidification (IDS) is a thermodynamic–kinetic software com-
bined with a microstructure tool developed to simulate the nonequilibrium
solidification (non-EQS) of steels. Herein, its main calculation module, solidifi-
cation (SOL), is introduced, and some essential results of that module, such as
the formation of ferrite and austenite in different types of steels during their
solidification, and the formation and dissolution of precipitates during subse-
quent cooling and heating processes, respectively, following solidification, are
presented. The non-EQS is compared with equilibrium and poor-kinetics solid-
ification to demonstrate the effect of kinetics on the results using finite solute
diffusion and microstructure data. The poor-kinetics solidification is comparable
with the modified Scheil simulation ignoring the solid-state diffusion of slowly
moving metallic elements. A particular emphasis is made on demonstrating how
to use a postprocessing treatment to control the residual ferrite amounts in
stainless steels and the extent of precipitation in particular steel. In this context,
the phenomena occurring behind the results are discussed. Finally, to validate
the simulations of the SOL module, its calculations are compared with numerous
solidification measurements, such as the liquidus and solidus temperatures of
different steels and the residual ferrite amounts in stainless steels.
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precipitate formation in the solid state, from 1600 °C down to
900 °C (for low-alloy steels) or 600 °C (for high-alloy steels).
Below these temperatures, the SOL simulation is continued by
calculation of austenite decomposition, conducted using another
IDS module, austenite decomposition (ADC).

The present study is focused on providing a detailed
assessment of the simulation capabilities of the SOL module.
The results of the SOL module calculation are compared with
traditional equilibrium solidification (EQS) and poor-kinetics
solidification (PKS). These are the two extreme calculation modes
applied also in solidification studies, although no attention is
paid to the influence of process conditions. Finally, the SOL
module calculations are validated with numerous measurements
available in the literature.

2. Description of the Solidification Module

SOL module is the main module of the IDS tool applied in the
temperature range from 1600 to 900 °C for low-alloyed steels and
from 1600 to 600 °C for high-alloyed steels. The steel is regarded
as high alloyed containing at least one of the following solute
compositions with proportions exceeding as wt%Cr≥ 5, wt%
Ni≥ 5, wt%Mn≥ 5, wt%Mo≥ 3, or wt%Si≥ 3. The recom-
mended maximum limits (in wt%) for possible solute and/or
impurity components to conduct SOL simulation using the
low-alloyed (L) and high-alloyed (H) steels are given as:
C¼ 3.5%(L)–1.5%(H); Mn¼ 5%(L)–25%(H); Cr¼ 5%(L)–30%(H);

Mo¼ 3%(L)–6%(H); Ni¼ 5%(L)–25%(H); N¼ 0.1%(L)–0.3%(H);
Al, Cu, Si¼ 3% each, Nb, Ti, V¼ 0.5% each, P, S¼ 0.05% both,
Ca, Ce, Mg¼ 0.02% each; and B, O, H¼ 0.005% each. Note that
the maximum composition of 3.5% for carbon is due to the
inclusion of high-carbon steels and cast iron to the group of
low-alloyed steels. In these high-carbon alloys, somewhat lower
composition limits than expressed above are recommended for
the other solutes.

2.1. Illustration of Simulation

The calculations of the SOL module are made in one volume
element set on the side of a dendrite arm having a hexagonal
arm arrangement (see Figure 1). In this arrangement, the
volume element gets the form of an equilateral triangle, when
looking perpendicularly to the dendrite arm growth. This princi-
ple has been successfully applied in the earlier modeling work
concerning the solidification of steels.[11] A realistic simulation
assumes that 1) the dendritic structure forming in different parts
of the strand is quite regular and 2) the solute mixing in liquid is
complete, with no solute transport by strong liquid flows causing
macrosegregation.

In these calculations, the SOL module applies three thermody-
namic models, the conventional substitutional 1) solution model
for liquid (L), ferrite (delta ferrite δ and eutectic ferrite ε), and aus-
tenite (γ), 2) the magnetic ordering model by Hillert and Jarl[12] for
ferrite, and 3) the sublattice model by Sundman and Ågren[13] for

Figure 1. Magnified portion of the mushy zone showing a volume element on the side of a a) dendrite arm with b) corresponding phase fractions and
c) solute concentration profiles. L¼ liquid, δ¼ delta ferrite, γ¼ austenite, TLIQ ¼ liquidus temperature, TPER ¼ peritectic temperature, TSOL ¼ solidus
temperature, AX¼ dendrite arm axis, ID¼ interdendritic region, and SDAS¼ secondary dendrite arm spacing.
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the semistoichiometric compounds. The kinetics is taken into
account by the solute material balance equations and Fick’s diffu-
sion laws.[4,5] Also included, of course, is time (diffusion time),
which comes from the cooling/heating process.

The material data needed in the calculations using the SOL
module are taken from the IDS database. It contains the param-
eters of Gibbs energy data, solute diffusion coefficients, and
microstructure (dendrite arm spacing and grain size) concerning
the elements Fe, C, Si, Mn, P, S, Cr, Mo, Ni, Cu, Al, N, Nb, Ti, V,
Ca, Ce, Mg, B, O, and H. All these data have been adequately vali-
dated with many experimental measurements. A significant part
of this database is the Gibbs energy data of the solution phases
(liquid, ferrite, and austenite) and different compounds (such
as sulfides, oxides, carbides, nitrides, and borides). These data
are taken from the Iron Alloy Database (IAD), developed to give
consistent and simple-format thermodynamic data for the IDS
tool. The first three parts of this databank have recently been
published.[14–16] The other essential input data are the solute dif-
fusion coefficients for ferrite and austenite and the parameters for
the calculation of the secondary-dendrite arm spacing (SDAS). By
controlling the kinetics of solidification, these parameters provide
the necessary background for the simulation of non-EQS.

Depending on the composition, the steel undergoing solidifi-
cation goes through one of the following paths before the onset of
austenite decomposition process: A) L ! Lþ δ!δ!γþ δ (!γ),
B) L ! Lþ δ!Lþγþδ!γþδ (!γ), C) L ! Lþ γ!γ, i.e., after
the list of paths for the austenite decomposition process. Here,
the notations L, δ, and γ denote liquid,delta ferrite, and austenite
phases, respectively.

The mutual order of the phases in the above paths (A) through
(C) shows how the phases are located in the volume element of
Figure 1, that is, from the dendrite arm axis (left) to the interden-
dritic region (right). In the two-phase regions of Lþ δ, Lþ γ, and
γþ δ, transformations of L!δ, L!γ, and δ!γ take place, respec-
tively, and in the three-phase region of Lþ γþ δ, a peritectic
transformation of Lþ δ!γ takes place. In the former case,
the moving-phase interfaces are δ/L, γ/L, and γ/δ, respectively,
and in the latter case, both the γ/L and the γ/δ phase interfaces
are present, the former (γ/L) moving toward the interdendritic
area and the latter (γ/δ) moving toward the dendrite axis.
Note that the solid structure before the start of the austenite
decomposition process may contain both austenite and ferrite

and not necessarily only the austenite (see paths A and B). In
addition, the eutectic ferrite, ε, may form from the liquid phase
near the γ/L phase interface. This may occur in the final stage of
austenitic solidification of stainless steels, when ferrite-stabiliz-
ing solutes, such as Cr and Mo, start to enrich the γ/L phase
interface. This results in an additional transformation of
L!γþ ε along the paths B and C. During that transformation,
two-phase interfaces, γ/L and ε/L, move simultaneously toward
the interdendritic area, instead of one γ/L interface. In this case,
we have simplified the mathematical treatment by simulating
the movement of the γ/ε phase interface perpendicular to the
movement of the γ/L phase interface, toward the γ side of the
γ/L interface. This simplified treatment was adopted from
Koseki et al.[9] to avoid the complex mathematical treatment
related to the eutectic growth in a pure γ region as well as the
possible γ/δ phase interface behind it. Also, the disappearance
of eutectic ferrite below the solidus can then be easily simulated,
in the form of ε!γ transformation perpendicular to the growth
of the original γ/L phase interface. Due to the small amounts of
eutectic ferrite formed in stainless steels, the above approxima-
tions can be considered reasonable. As a result of all these
calculations, one gets the fractions and the compositions of each
phase as a function of the decreasing temperature.

Figure 2 shows the SOL module flow chart and its phase
blocks, where the calculations are conducted. In a continuous
cooling case, all phase block simulations are conducted for a
decreasing temperature profile. In the mushy zone phase blocks,
the temperature must decrease continuously, even if extremely
slowly, but in the solid-state phase blocks (below the solidus), the
temperature can increase, too. In this respect, the simulation
suits well for the determination of residual ferrite amount in
stainless steels, as well as the formation or dissolution of precip-
itates in any steel depending on the applied postsolidification
heat treatment. These properties can also be calculated in contin-
uous casting strands, whose surface temperatures may occasion-
ally increase, though this implies, of course, the coupling of IDS
with a heat transfer model of the continuous casting process.[8] In
addition, due to the possible increase in temperature, we may
have to get back to certain phase blocks left earlier. A bidirec-
tional module change is possible for the phase blocks connected
by the thick double arrows. In most continuous casting cases, the
“two-way visits” shown in Figure 2 are adequate.

Figure 2. SOL module flow chart and phase blocks.
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Detailed descriptions of the calculation strategy and the
corresponding equations (e.g., for the moving δ/L, γ/L, and
δ/γ phase interfaces) have been given in the earlier papers.[4,5]

In this context, we present the equations only for the precipita-
tion of one binary compound, NbC, from austenite. These
equations are applied in the phase blocks FERþ AUS and
AUS in Figure 2.

2.2. Equations for Simulating NbC Precipitation from Austenite

The precipitation of NbC (θ) from austenite is simulated with the
following set of equations

G∘
NbCþΔGI

NbCþΔGM
NbC ¼ μγNbðT , xγ1, : : : , xγnÞþμγCðT , xγ1, : : : , xγnÞ

(1)

Δf θðxθ0Nb � xγNbÞ ¼ f θðxθNb � xθ0NbÞ � Sγ=θNb ðxγNb,Dγ
NbÞ (2)

Δf θðxθ0C � xγCÞ ¼ f θðxθC � xθ0C Þ � Sγ=θC ðxγC,Dγ
CÞ (3)

where G∘
NbC is the Gibbs energy (J mol�1) of formation of NbC

from pure α-Nb and graphite-C, ΔGI
NbC and ΔGM

NbC are the bar-
rier energies (J mol�1) of incubation and volume misfit,[6] μγNb
and μγC are the chemical potentials (J mol�1) of Nb and C in aus-
tenite (γ) related to the pure α-Nb and graphite-C, respectively, T
is the temperature (K), xγNb and xγC are the γ=θ interface compo-
sitions(mole fraction) of Nb and C in austenite, n is the number
of components in the alloy (with i¼ 1 for Fe), f θ is the NbC frac-
tion, Δf θ is the fractional movement of the γ=θ
interface, and xθ0Nb and xθ0C are the Nb and C compositions in

NbC before movement Δf θ. The term Sγ=θNb includes Fick’s first
law of diffusion and describes the amount of Nb and C in
austenite leaving the γ=θ interface. Its general form in this pre-

sentation is Sγ=θi ¼ �4Dγ
iΔtG

γ=θ
i SDAS�2, where Dγ

i is the diffu-
sion coefficient (cm2s�1) of solute Nb or C in austenite, Δt is
the time (s) spent during the fractional movement of the γ=θ

interface, Gγ=θ
i is the dimensionless concentration gradient at

the γ=θ interface obtained by solving Fick’s second law of solute
diffusion in austenite,[4,5] and SDAS is the secondary dendrite
arm spacing (cm). Time increment Δt is related to the tempera-
ture T as Δt ¼ ΔT=CRT, where ΔT is the temperature step of
calculations (K) and CRT is the cooling or the heating
rate(°C s�1) of the process. The calculations with Equation (1)
through (3) are made stepwise by decreasing or increasing the
temperature as T ¼ T þ ΔT , depending on whether we have a
cooling or heating process. At each temperature, the austenitic
interface compositions, xγNb and xγC, and the fractional movement
of the interface, Δf θ, are solved from these three equations. Note

that at a fixed temperature, terms Sγ=θi are constant and terms
μγNband μγC are the functions of the interface composition,
comprising all the components including iron.

The barrier energy of incubation delays the formation of a pre-
cipitate, and the volume misfit energy restrains its growth as
described by the simple phenomenological equations available
in the study by Miettinen.[6] Neither of these energies was earlier
included in the calculations. Figure 3 shows schematically how
the inclusion of these new energies stated above changes the total

Gibbs energy expression: G∘,�
NbC ¼ G∘

NbC þ ΔGI
NbC þ ΔGM

NbC for
NbC, that is, the left-hand side of Equation (1). The first term
ΔGI

NbC increases with decreasing temperature due to the decreas-
ing solute diffusion in austenite. The higher the cooling rate, the
stronger this increase. At temperature T�

NbC, we finally get a
negative value for G∘,�

NbC and hence, the formation of NbC can
start. From that moment onward, the term ΔGI

NbC starts to
decrease. This increases the driving force of NbC enabling its
formation from the undercooled state. At the same time, how-
ever, the term ΔGM

NbC starts to increase effectively. This is related
to the high density of still finer particles, whose growth is effec-
tively restrained. As their sizes increase, the total precipitate–
matrix surface decreases as a result of decreasing number of
the particles. This ceases the growth of the volume misfit, as
shown in the figure. Due to deformation, we can get a sudden
drop of volume misfit. This can be explained in respect of the
increased formation of dislocations. However, with ceasing
deformation at lower temperatures, volume misfit starts to
increase once again. As shown in Figure 3, due to the positive
values of terms ΔGI

NbC and ΔGM
NbC, NbC starts to form at a lower

temperature and its growth becomes weaker (curve 1) in
comparison with the case where the terms are not included
(curve 2). Even stronger is the growth simulated with thermody-
namic software, which does not account for the kinetics (broken
line). In this case, the precipitation is likely to start at a tempera-
ture lower than the temperature for the start of NbC formation
(TNbC), due to the lower interdendritic Nb composition obtained
by EQS.

Figure 3. Schematic presentation of Gibbs energy of formation of NbC
(upper figure) and the fraction of NbC formed (lower figure) as a function
of temperature, when 1) including the barrier energies and when
2) excluding them.
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2.3. Input and Output Data

For the user, the input data of the SOL module simulations is
very simple. The two essential input parameters are the nominal
composition of the steel and the cooling rate of solidification. The
cooling rate can be a constant value or a process data table,
including columns of time, temperature, and deformation.
The latter alternative allows to make successive cooling and
heating treatments for the steel, as well as to study the effect
of deformation on the results. For the present calculations,
the deformation has been linked to accelerate the solute diffusion
around the precipitates and reduce the precipitation barriers
(incubation and solute misfit) that accelerate the precipitation.
The calibration of the degree of deformation leading to a proven
enhancement of precipitation, however, is still in progress. The
process data file, if produced by an online heat transfer model of
continuous casting, gives an excellent possibility to simulate the
steel solidification in the selected strand intersections. However,
the file can also be produced by the user, to test the effect of
actual cooling, heating, and deformation on the results. It is
worth noting that due to the finite kinetics, the SOL simulation
is not reversible, but its results are affected by all possible cooling
and heating treatments.

The third input parameter of the simulation is the SDAS. A
value for this parameter can be given by the user or its value can
be calculated by the SOL module, depending on the applied cool-
ing rate. By fixing the diffusion distances in the volume element,
parameter SDAS has a clear effect on the progress of solidifica-
tion. Its value is also used as the initial value for the size of aus-
tenite grains, whose growth is calculated below the solidus.

Using the above-mentioned input data (and the Gibbs energy,
diffusion, and microstructure data of the IDS database), the SOL
module simulates or calculates: 1) solidification of steel (ferritic,
austenitic, and peritectic solidification); 2) enrichment or
impoverishment of solutes in liquid; 3) formation of various
compounds (inclusions) from liquid; 4) homogenization of sol-
ute microsegregation below the solidus; 5) the ferrite–austenite
transformation taking place below the solidus; 6) formation and
dissolution of eutectic ferrite (in high-alloyed steels only); 7)
formation and dissolution of various compounds (precipitates)
in the solid structure; and 8) growth of austenite grains.

These results are shown in a compact form in three IDS out-
put files as a function of temperature. The first file is the phase
fraction file showing the fractions of liquid, primary ferrite (δ),
austenite (γ), eutectic ferrite, and compounds (total fraction).
These results for ferrite, austenite, and liquid are illustrated in
Figure 1b. The second file is a compound fraction file showing
the fractions of the individual compounds (inclusions or precip-
itates). The possible compounds of simulation are AlN, BN, CrN,
Cr2N, Si3N4, TiB2, CaS, MgS, H2(g), N2(g), FeMo2B2, Fe3Mo3C,
FeNbB, Ti2CS, (Mn,Fe)S, (C,N)Nb, (C,N)Ti, (C,N)V, (Cr,Fe)2B,
(Fe,X)2B (X¼ Cr,Mn,Ni,V), (Cr,Fe)23C6, (Cr,Fe)7C3, (BC)6Fe23,
(Fe,X)3C (X¼Cr,Mn,Mo), (Cr,Ni)8Fe9 (�sigma), together with
several simple oxides, such as Al2O3, B2O3, CaO, Ce2O3,
Cr2O3, Fe0.947O, MgO, MnO, SiO2, and Ti2O3. The third file type
is the concentration profile file showing the global, dendrite axis,
and interdendritic compositions for all solutes, as well as their
compositions in delta ferrite, austenite, eutectic ferrite, and

liquid. These results, for ferrite, austenite, and liquid, are illus-
trated in Figure 1c. The concentration profile file is the most
extensive of these files containing 37 phase composition values
at each temperature. In addition, files contain notations for the
important events of solidification, such as 1) start of solidification
(i.e., the liquidus temperature), 2) start of local strengthening
(75% of the local structure solidified), 3) end of solidification
(i.e., the solidus temperature), 4) start of primary ferrite forma-
tion, 5) disappearance of primary ferrite (i.e., the end of the peri-
tectic transformation, if the liquid is present), 6) start of austenite
formation (i.e., the start of peritectic transformation if liquid and
ferrite are present), 7) disappearance of austenite, 8) start of eutec-
tic ferrite formation (only for high-alloyed steels), 8) disappearance
of eutectic ferrite (only for high-alloyed steels), 9) start of com-
pound formation (for inclusions and precipitates), and 10) disap-
pearance of compound (for precipitates only, below the solidus).

3. Calculations Using the SOL Module

This section shows some essential results obtained by the SOL
module of the IDS tool. The nominal compositions of the inves-
tigated steels are given in Table 1. First, SOL-based calculations
of solidification, solute enrichment, and precipitation are com-
pared with those of equilibrium (lever rule) solidification and
PKS. The latter calculations are comparable with those of the
Scheil solidification model,[17] further modified by Chen and
Sundman[18] to get reasonable results without making time-
consuming calculations of kinetics using the thermodynamic
software, such as Thermo-Calc.[19] By that modification, the
fast-diffusing interstitial solutes, such as C, N, and B, are treated
as lever-rule components. Next, SOL calculations are shown to
demonstrate the effect of alloying on steels solidification and
the residual ferrite amount in stainless steels. The point worth
emphasizing is the sluggish disappearance of residual ferrite
in comparison with equilibrium calculations. Third, the example
calculations are presented to show the effect of postsolidification
heat treatment on the residual ferrite amount in stainless steel
and on the formation and dissolution of precipitates NbC and

Table 1. Nominal compositions of the five steels grades studied (A, 205,
404, 413, and B).

Steel grade

Solute [wt%] A 205 404 413 B

C 0.15 0.36 0.036 0.013 0.05

Si 0.50 0.27 0.44 0.48 0.50

Mn 1.00 0.58 1.25 1.74 1.50

P – 0.015 0.025 – 0.02

S – 0.012 – 0.003 0.02

Cr – 0.08 18.40 19.20 18.00

Mo – 0.02 0.38 4.44 0.50

Ni – 0.05 9.10 25.40 8.00

Cu – – 0.20 1.51 –

Nb 0.03 – – – –

N – – 0.081 0.035 0.05
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Nb(C,N) in low-alloyed steels. By such simulations, the user may
chart the possibilities to control the ferrite and precipitate
amounts in his steel, both affecting the properties of that steel.

3.1. Comparison of SOL Calculations with those of EQS and
PKS Modes

The EQS mode, EQS (or lever rule), assumes infinitely fast
diffusion for all solutes, not only in the liquid phase but also
in the solid state. It is widely applied in thermodynamic software
while paying no attention to the kinetics of solidification.
Consequently, these calculations give too high solidus for the
considered alloys and overestimate the amounts of precipitates
formed, in contrast to the measurements made by finite cooling
rates. Another way to “avoid” the inclusion of kinetic calculations
in a solidification model is to ignore the solute diffusion in solid,
as suggested by Scheil.[17] In that case, however, the solidification
can be terminated simply by a eutectic reaction (if typical for the
alloy), which finally stops the strong temperature drop at the end
of solidification. To prevent such solidus drops, Chen and
Sundman[18] modified the Scheil model by assuming extremely
rapid solid-state diffusion for the fast-diffusing interstitial
solutes, such as C, N, and B. Consequently, the solidus is raised
to a more realistic value, between the equilibrium solidus and
that predicted by the Scheil treatment. By coupling the method
by Chen and Sundman[18] to the thermodynamic software, the
latter can be used to give a somewhat better estimation of the
real solidification process, without including the complex and
time-consuming calculations of kinetics in the simulation. It
is noteworthy that also available are the analytical solute redistri-
bution equations, which approximately simulate the solute back
diffusion in solid.[20] Neither can these equations be combined
reliably with thermodynamic calculations of multicomponent
alloys, nor do they give any information about the solute concen-
tration profiles formed after solidification.

In the SOL module, the kinetic calculations are also included,
by taking into account the finite solute diffusion in ferrite and
austenite. In this way, the SOL module has similarities
with the sophisticated thermodynamic-kinetic software
DICTRA,[21] although the focus of the SOL has been only on
the rapid simulation of steels solidification and the accompa-
nying phase transformations. The SOL module can also be used
to simulate the EQS and the PKS. The latter simulation is
comparable with that of the modified Scheil solidification,[18]

except that the PKS treatment still allows extremely slow
diffusivities for the substitutional components, to avoid failure
of calculations in SOL. In addition, the PKS treatment is applied
also below the solidus temperature for the advancing δ/γ phase
interface and the formation of precipitates, whereas the modified
Scheil treatment is typically applied for the solidification
event only.

Figure 4 shows the calculated phase fractions for the solidified
low-alloyed steel A. As shown, the solidus determined by the SOL
calculations is lower than that obtained by the EQS calculations
but higher than that obtained by the PKS calculations. This is
because of the finite (and experimentally validated) solute
diffusivities applied in SOL. The solidus drop predicted by
PKS calculations can be considered quite steep considering

the low solute amounts of steel A. A larger drop was
prevented only by the earlier fixed decision to terminate all
solidification calculations of SOL with a liquid fraction of
0.005, corresponding to the solidus temperature of the steel.
This is a practical choice made to avoid failing calculations at
the end of solidification.

Figure 5 shows the calculated interdendritic compositions of
Mn and Nb in steel A. Again, the SOL-calculated results are
located between those of EQS and PKS calculations.
Particularly noteworthy is the gradual homogenization of the
SOL-calculated interdendritic compositions in austenite below
the solidus after the disappearance of the liquid phase, whereas
those by the EQS calculations become directly identical to their
nominal compositions. By the PKS calculations, the interden-
dritic Mn composition remains very high, as it must adopt
the composition of the last liquid drop at the solidus, due to
the ignorable back diffusion in austenite. As no compounds
of Mn, such as MnS, are formed, this strong concentration peak
then remains in the interdendritic region of austenite. In the case
of Nb, the trend is similar to that of Mn except that just below the
solidus, NbC is formed. With decreasing temperature, the forma-
tion of NbC is enhanced by the increasing driving force for its
formation. The NbC growth is supported by the continuous feed-
ing of the rapidly diffusing carbon from the environments of the
interdendritic region. This consumes the interdendritic concen-
tration peak of Nb quite rapidly because, in the PKS calculations,
no excess Nb can diffuse from the environments. Below 1420 °C,
carbon has been consumed so much that the NbC formation
starts to cease. Consequently, the interdendritic Nb composition
does not anymore decrease so effectively.

Figure 6 shows the calculated amounts of NbC in steel A. Note
the much weaker formation of NbC is predicted by the SOL
calculations compared with the EQS calculations. The weaker
formation of NbC as predicted by the SOL calculations is due

Figure 4. Calculated phase fractions of steel A (Table 1) as a function of
temperature. The cooling rate of SOL calculations was 1 °C s�1.
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to the precipitation barriers and the poor solute diffusion at such
low temperatures, whereas in EQS calculations, we have no pre-
cipitation barriers and infinitely rapid solute diffusion.
Consequently, the EQS-based start temperature of NbC forma-
tion could be expected to be higher than that calculated by
SOL, but the latter temperature is still a bit higher. This is
due to the inclusion of microsegregation of Nb in the SOL

calculations, which keep the interdendritic Nb composition
much higher than that in the EQS calculations (see Figure 5).
As for the PKS calculations, NbC starts to form at a very high
temperature, just below the solidus, as explained in the context
of Figure 5. The growth of NbC below that temperature is very
fast, owing to the very high interdendritic Nb composition.
However, due to the rapid consumption of carbon in NbC,
the growth of NbC finally ceases. According to Figure 6, this hap-
pens below 1420 °C, which agrees well with the slowing down of
the depletion of interdendritic Nb composition in Figure 5.

3.2. Effect of Alloying on Solidification and Ferrite Content

Alloying is the most dominating factor affecting the solidification
of steels. Figure 7 shows the calculated phase fractions in the
solidified steels 205, 404, and 413 using the three methods.
The high-alloyed stainless steel 413 is shown to solidify at a tem-
perature about 60 °C lower than the less-alloyed stainless steel
404 and about 100 °C lower than the low-alloyed carbon steel
205. The calculated liquidus and solidus temperatures of all three
steels agree well with the values reported by Jernkontoret.[22] The
solidification of steel 413 leads purely to austenite formation,
while steels 205 and 404 solidify through a peritectic transforma-
tion, starting at 1485 and 1435 °C, respectively. Also, these
temperatures agree fairly well with the measured values,[22] that
is, 1483 and 1424 °C. For stainless steels 404 and 413, also shown
are the phase fractions calculated with the EQS mode and the
PKS mode. As expected from the results of Figure 4, the EQS

Figure 5. Calculated interdendritic compositions of a) Mn and b) Nb in steel A (Table 1) as a function of temperature. The cooling rate of SOL calculations
was 1 °C s�1.

Figure 6. Calculated amounts of NbC in steel A (Table 1) as a function of
temperature. The cooling rate of SOL calculations was 1 °C s�1.
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calculation keeps the solidus too high and the PKS calculation
makes it drop too low. In the case of stainless steels, however,
the solidus temperatures have now dropped as low as 1165 °C
(steel 404) and 1100 °C (steel 413). These are certainly not the
acceptable input parameters for heat transfer models, which
simulate the solidification of a macroscopic process, such as
continuous casting. In addition, the residual ferrite amount in
steel 404 becomes quite different by the EQS and PKS calcula-
tions. In the former case, ferrite disappears already at 1300 °C,
and in the latter case, more ferrite is retained in the solid struc-
ture than obtained by SOL. This happens despite the late start of
austenite formation in the calculations of SOL. Also, worth not-
ing is the eutectic ferrite (ε) formed in the final stages of the solid-
ification of steel 404. By offering faster diffusion rates for the
solutes, it restrains the solute enrichment in liquid (caused by
the presence of austenite), thereby raising the solidus tempera-
ture slightly. Furthermore, the PKSmode would allow the forma-
tion of eutectic ferrite, above the solidus, but that was neglected
to clarify the presentation in the figure. The EQS mode, instead,
simulates the formation of only one ferrite, without dividing it
into the delta and eutectic ferrites.

Another way to demonstrate the effect of alloying on
solidification is to construct a dynamic phase diagram for the
steel. Such a diagram is presented in Figure 8, showing the effect
of Ni composition on the high-temperature phase regions of steel
B. Note the light-yellow region showing the presence of eutectic
ferrite. This phase is formed during austenitic solidification due
to the enrichment of Cr andMo in liquid. With small amounts, at
the advancing =L phase interface, these can prevent solidification
cracking in austenitic stainless steels.[23,24] Also note the effect of
increasing Ni composition in dropping the temperature, where
eutectic ferrite starts to form. This is, of course, due to the
increasing austenite stability, though some sudden drops may
also be as a result of stepwise calculations in SOL. The calcula-
tions using SOL were also compared with those of EQS using the

Thermo-Calc software. These results show somewhat higher
solidus and somewhat narrowed ferritic and peritectic regions
in Figure 8. At about 1420 °C, the peritectic region extends up
to 12.6 wt% Ni by EQS calculations but only up to 11wt%Ni
by SOL calculations. This difference, however, is compensated
by the SOL-calculated eutectic ferrite. At 1250 °C, noteworthy
is the presence of SOL-calculated eutectic ferrite up to 16 wt%
Ni, whereas the slope of the þ= boundary by EQS calculations
indicates the rapid disappearance of ferrite at lower
temperatures.

Figure 9 introduces another type of dynamic diagram for steel
B. Here, we see how the Ni composition affects the amounts of
delta and eutectic ferrites at the solidus and 700 °C. At 700 °C, the

Figure 7. Calculated phase fractions of steels 205, 404, and 413 (Table 1)
as a function of temperature, together with experimental liquidus and
solidus temperatures.[22] The cooling rate in SOL calculations and
measurements was 0.5 °C s�1.

Figure 8. Calculated phase regions of steel B (Table 1) as a function of
nickel composition. The cooling rate in SOL calculations was 1 °C s�1.
FeMnS¼ formation of (Fe,Mn)S.

Figure 9. Calculated delta and eutectic ferrite amounts of steel B (Table 1)
at solidus and 700 °C as a function of nickel composition. The cooling rate
in SOL calculations was 1 °C s�1.
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amounts of both ferrite types have decreased considerably from
the values at the solidus, as shown by the red and blue curves.
Note some sudden drops in these curves, which correspond to
the temperature drops in Figure 8, at the same Ni compositions.
According to EQS calculations, conducted using the Thermo-
Calc software, no eutectic ferrite forms at the solidus, but the
amount of delta ferrite formed agrees reasonably well with the
total ferrite amount of SOL calculations, up to 12.2 wt% Ni. At
700 °C, however, there is no delta ferrite left according to the
EQS calculations, for any given Ni composition. This example
clearly shows the important role of kinetics and the process con-
ditions in trying to control the amount of residual ferrite forming
in the steel. More detailed discussions of this feature are given in
the next section, describing the effect of post-treatment on the
ferrite control.

3.3. Effect of Postsolidification Heat Treatment on Ferrite
Content

In the previous section, some example calculations were shown
to demonstrate the effect of alloying on the residual ferrite
content of stainless steels. The amount of ferrite is known to
affect the steel properties,[25] for example, with respect to solidi-
fication cracking and hot formability.[23,24,26] As a strong barrier
to the dislocation motion, ferrite can restrain grain growth,
increase strength, and reduce fatigue properties.[27] It can also
lead to detrimental effects on the high-temperature workability
and corrosion resistance[28,29] and cause an unfavorable magnetic

character to the material.[30] Alloying, however, cannot always be
used to control the ferrite content of the structure. Another way is
to use post-treatment processes.[25,31,32] In the following, postso-
lidification heat-treatment calculations conducted using the SOL
module are shown to demonstrate the effect of process condi-
tions (time and temperature) on the residual ferrite contents
in stainless steels. No experimental measurements are available
for these example calculations, but a general validation for the
calculated and measured ferrite amounts in stainless steels is
presented in Section 4.7.

Figure 10 shows the calculated residual ferrite amounts
in steel B solidified at the linear rates of 1 and 10 °C s�1, heated
at a rate of 5 °C s�1, held for 60min at 1100 °C (red curves) and
1200 °C (blue curves), and then cooled at a rate of 1 °C s�1. In all
cases, ferrite tends to stay in the structure, whereas according to
EQS calculations, it already disappears at 1228 °C. With the
higher rate of solidification, the as-cast ferrite fraction at
700 °C would be slightly higher (5.6 pct) than that achieved via
the lower rate (5.3 pct). This is due to the shorter time available
for solute diffusion at the higher cooling rate (10 °C s�1),
although the smaller SDAS value (27 μm) offering shorter
diffusion distances for the solutes has prevented the ferrite
amount from getting even larger. Consequently, during
post-treatment indicated by the red and the blue curves, the fer-
rite amounts start to decrease, as the as-cast solute microsegre-
gations are homogenized. Due to the improved kinetics at
1200 °C, of course, the rate of ferrite dissolution is higher than
that at 1100 °C. Even more interesting is the fact that in the finer

Figure 10. Calculated residual ferrite amounts in steel B (Table 1) solidified with rates of a) CRS¼ 1 °C s�1 and b) CRS¼ 10 °C s�1, heated with a rate of
5 °C s�1, and held and cooled as shown by the data of the red and blue curves.
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dendritic structure (SDAS¼ 27 μm), the ferrite dissolution is
enhanced, such that it completely disappears at 1200 °C. This
is not unexpected, as the solute concentrations are now close
to those of EQS.

The previous example showed the effect of the limited solute
diffusion (or time) to cease the ferrite dissolution in stainless
steels. Due to the low Cr and Mo diffusivities in austenite, their
compositions in the ferrite side of the moving = phase interface
may become very high, promoting the formation of brittle
phases, such as M23C6carbide and sigma phase, in ferrite.
Figure 11 shows the calculated concentration profiles of Cr
and Ni in steel B, solidified at the rates of 1 and 10 °C s�1.
The results are measured at 1000 °C following solidification
and after the post-treatment case of 60min at 1200 °C of
Figure 10. Worth noting are the results concerning the strong
enrichment of Cr and the strong depletion of Ni in ferrite at both
cooling rates. Otherwise, the cooling rate has only a minor effect
on the results of as-cast steel B. After post-treatment, the Cr
enrichment and Ni depletion in the coarser structure
(SDAS¼ 55 μm) become even stronger, as the amount of ferrite
decreases. In the finer structure (SDAS¼ 27 μm), however,
ferrite is completely dissolved, and the dendrite arm axis inherits
the austenitic solute compositions. The composition profiles are
now well homogenized (quite close to those of EQS calculations),
which can be expected to improve the steel quality.

Nevertheless, there is still remarkable precipitation at the fer-
rite side of = phase interface, as the steel is cooled further, below

1000 °C. With the lower solidification rate (1 °C s�1), M23C6 and
sigma phases formed at 844 and 744 °C, respectively (following
solidification), and these phases disappeared at 889 and 879 °C,
respectively (during heating). During final cooling, M23C6

formed once again at 865 °C, such that its final amount at
600 °C was 47mol, but the sigma phase did no longer precipitate.
With the higher solidification rate (10 °C s�1), M23C6 and sigma
phases did form at 710 and 760 °C, respectively (after solidifica-
tion), but they disappeared at 855 and 890 °C, respectively
(during heating). During final cooling, neither M23C6 nor sigma
phase formed, presumably due to the disappearance of the ferrite
phase during holding at 1200 °C. Consequently, the risk for
cracking is reduced. Note that M23C6 carbide did form also in
the interdendritic region during first cooling after solidification,
but after the post-treatment process and the following cooling,
there was no M23C6 left in the structure.

3.4. Effect of Post-Treatment on Precipitation

In casting and tool steels, NbC serves either as a grain refiner or
as a hard phase contributing to the enhancement of wear resis-
tance.[33] It also restrains the grain growth and improves the hot
hardness. Similar effects are caused by Nb(C,N) precipitates in
N-bearing steels, though Nb(C,N) can also be considered as a del-
eterious precipitate when formed in a fine form at the austenite
grain boundaries. Particularly, a high cooling rate tends to
decrease the precipitate size and thus also ductility. On the other

Figure 11. Calculated concentration profiles at 1000 °C for Cr and Ni in steel B (Table 1) solidified at the rates of a) CRS¼ 1 °C s�1 and b) CRS¼ 10 °C s�1,
heated at 5 °C s�1, held for 60 min at 1200 °C, and cooled at 1 °C s�1.
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hand, the precipitation of Nb(C,N) is influenced also by other
alloying. According to Vedani et al.,[34] coarse TiN or Ti(C,N) par-
ticles formed earlier in the steel can act as preferential nucleation
sites for Nb(C,N) so that these new particles can grow coarse
enough to be able to cause reduction of ductility significantly.
Nevertheless, if the Ti(C,N) particles are fine themselves, the
ductility could also deteriorate as a result of Ti alloying.[35] Post-
treatment calculations of SOL are presented in the following to
see their influence on the precipitation and dissolution of NbC
and Nb(C,N) in the solid steel. Also considered is the effect of Ti
alloying on the amount of Nb(C,N), though only from the ther-
modynamic point of view, that is, to show the extent to which the
Ti(C,N) particles formed already in the mushy zone could
consume C and N from the latter, thereby precipitating Nb(C,
N) particles. Again, no experimental measurements are available
for these example calculations, but two continuous cooling
precipitation (CCP) curve validations for Nb(C,N) have been pre-
sented in Section 4.8. In addition, several equilibrium condition
calculations on the austenite–carbonitride equilibria in
low-alloyed steels have been validated with the corresponding
measurements, in the study by Miettinen et al.[36]

Figure 12 shows the calculated amounts of NbC in steel A
solidified at two rates (CRS¼ 1 °C s�1 and CRS¼ 10 °C s�1)
going through two different post-treatments: heating at
0.5 °C s�1 and holding for 20min at 1100 °C (red curves) and
heating at 10 °C s�1 and holding for 2min at 1200 °C (blue
curves). In both cases, the final cooling rate is assumed to be
10 °C s�1. It is to be noted that after solidification, the

temperature of the primary NbC precipitation was higher than
that of equilibrium precipitation (EQP). This is due to the enrich-
ment of Nb in the interdendritic regions, in a real solidification
process. Even the incubation was insufficient to lower that tem-
perature below its equilibrium value. In addition, the amounts of
NbC precipitates remained much smaller than predicted by
theEQP, preliminarily due to the finite kinetics of the former.

It is important to understand now the effect of post-treatment
processes of 1100 °C. In the coarser structure (SDAS¼ 132 μm),
the long-duration post-treatment (20min) doubles the amount of
NbC in comparison with that of the as-cast case. The increased
amount of NbC is due to the solute flow (diffusion) to the γ/NbC
phase interface from its austenitic surroundings, as the interface
is impoverished by the solutes during the as-cast formation of
NbC. Another reason promoting the NbC formation is because
the holding temperature of 1100 °C still lies below the tempera-
ture of EQP. This suggests that at 1100 °C, NbC has still some
driving force to grow, particularly, as there is enough time for its
growth. In the finer structure (SDAS¼ 66 μm), the correspond-
ing NbC amount is even greater, that is, about four times higher
than the as-cast case. This is due to the shorter diffusion distan-
ces, thus enhancing the solute flow to the γ/NbC phase interface.

Next, we make a view on the effect of post-treatment at
1200 °C. In the coarser dendritic structure (SDAS¼ 132 μm),
the short-duration post-treatment makes NbC disappear within
just 2 min. This is because of the strong driving force for the
NbC dissolution, as the temperature of 1200 °C is now above
the temperature of its EQP. Consequently, during the final

Figure 12. Calculated amounts of NbC in steel A (Table 1) solidified at the rates of a) CRS¼ 1 °C s�1 and b) CRS¼ 10 °C s�1 and heated, held, and cooled,
as shown by the data of the red and blue curves.
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cooling with a high rate of 10 °C s�1, NbC forms again, but at
some lower temperature. This is due not only to the strong incu-
bation occurring at that cooling rate but also due to the lowered
interdendritic solute compositions, following the effective
post-treatment at high temperature. In addition, because of
the shorter time for solute diffusion, the amount of NbC remains
smaller than in the as-cast case. In the finer structure
(SDAS¼ 66 μm), the short holding time of 2min was just not
enough to dissolve NbC from the structure. This is due to the
stronger tendency of the short diffusion distances (at this higher
temperature) to enhance the solute flow to the γ/NbC interface so
that not even the increased driving force of NbC dissolution can
compensate it. Nevertheless, by increasing the holding time to
8.5min, the solute flow to the γ/NbC interface finally ceases
so that the driving force “starts to work again,” to complete
the NbC dissolution (see blue broken lines).

The previous calculations showed some alternative ways to
control the precipitate amounts by post-treatment. However,
the type of treatment chosen, of course, always depends on
whether the presence of the precipitate is desired or not. If
the presence of NbC is desired, as in tool steel applications,
one should avoid making those post-treatments that dissolve
NbC too much. Typically, long post-treatments at sufficiently
low temperatures tend to increase the amount of NbC, which
might be too low in the as-cast structure. This, of course, depends
on the alloying type and contents also. Particularly, if steel

contains a detectable amount of nitrogen, carbonitride Nb(C,
N) will form instead of just NbC. The precipitation behavior
of Nb(C,N) is somewhat different and depends on the nitrogen
level of the steel. A high N composition can considerably raise the
formation temperature of Nb(C,N) and increase its final amount.
This is not any problem, if the presence of Nb(C,N) is desired
and/or allowed in the steel. However, Nb(C,N) precipitation
can also be considered deleterious, particularly as fine networks
along the austenite grain boundaries. The next example introdu-
ces the treatments, which could be used to avoid the Nb(C,N)
formation in steels. Due to the high cooling rate applied in these
calculations, these can be used to illustrate the problematic for-
mation of Nb(C,N) at the rapidly cooling surfaces of continuous
casting strands.

Figure 13 shows the effect of N and Ti alloying on the amounts
of NbC or Nb(C,N) at 900 °C formed in steel A held for 2min and
8min at various temperatures. The cooling and heating rates of
these calculations were 10 °C s�1. The addition of 0.01 wt% N
considerably increases the amount of Nb(C,N) (red curves) in
regard to that of NbC of the base steel (green curves). This is,
of course, due to the nitrogen tied up in Nb(C,N). Adding
0.03 wt% Ti to that alloy, however, decreases the amount of
Nb(C,N) (blue curves), as most of the nitrogen is then tied up
to carbonitride Ti(C,N) formed already in the mushy zone.
However, the level of the low amounts of NbC cannot still be
achieved. The benefit, however, may be that the Nb(C,N) particles

Figure 13. Calculated amounts of NbC or Nb(C,N) at 900 °C in three low-alloyed steels held for a) 2 min and b) 8min at various temperatures. The
cooling rate of solidification (down to 900 °C), the heating rate up to the holding temperature, and the cooling rate after holding were 10 °C s�1. A¼ as-
cast precipitates not dissolved and B¼ as-cast precipitates dissolved.
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can now precipitate on the Ti(C,N) particles in a coarser form
making the steel less brittle. Nevertheless, the amounts of
Ti(C,N) formed in this case are quite high (about 500 μm) and
if formed as fine particles, they can deteriorate the steel structure
even more.

Finally, let us consider the effect of post-treatment itself. With
both holding times, 2 and 8min, the amounts of NbC or Nb(C,N)
increase with the increasing holding temperature. This is due to
the previously stated increased solute flow from austenite to the
γ/precipitate phase interface. That flow is particularly strong in
the fine dendritic structure (SDAS¼ 66 μm) obtained at the
solidification rate of 10 °C s�1. During the longer holding treat-
ment (8min), the precipitate amounts, of course, become much
higher than those during the shorter holding treatment (2 min),
but only in region A, where the original as-cast precipitates are
not yet dissolved. In region B, instead, the driving force for the
precipitate dissolution becomes so high that the as-cast
precipitates will be completely dissolved. So, the relatively
smaller precipitate amounts obtained in region B represent only
the final-stage precipitates formed during final cooling. In
Figure 13b, note the lower amounts of final-stage precipitates
obtained after the 8min holding. This indicates that the 2min
holding was not yet sufficient to get uniform solute compositions
in austenite, which would stop the precipitate dissolution at a
constant temperature. Even the 8min time is not adequate for
that, but it is so close anyway that there is no clear benefit of
increasing the holding time even more, particularly because this
could promote the grain growth at such high temperatures. The
main result of the present calculations is that by a proper post-
treatment, one can reduce the amounts of some unwanted pre-
cipitates formed after solidification. However, there is no specific
use of performing these calculations for precipitates that form at
high temperatures. Typical precipitates or inclusions that cannot
be dissolved are carbonitride Ti(C,N) and sulfide (Fe,Mn)S, if
they form, as normally from the liquid state. For most carbides
(such as M23C6) and AlN, instead, the post-treatment calculations
work well. And, of course, we must remember the role of alloying
in these calculations. Even a slight change in the composition of
the solute, which is tied up in the precipitate, can change the
results. As an example, to drop the position of the red curves
close to that of the green curves in Figure 13, we must decrease
the Nb or C composition of the red-curve steel with 0.005 or
0.02 wt%, respectively.

4. Validation of SOL Calculations with
Solidification Measurements

This section shows a comparison between SOL calculations and
actual experimental solidification data obtained for some steels.
The experimental data come from the differential thermal anal-
ysis (DTA) measurements of the liquidus, austenite formation,
zero-strength, and solidus temperatures, as well as from the elec-
tron microprobe (EMP) measurements of solute microsegrega-
tion and solute partitioning between ferrite and austenite. In
addition, calculated residual ferrite amounts, CCP curves of cer-
tain precipitates, SDAS, and austenite grain sizes are compared
with the experimental or predicted values.

4.1. Liquidus Temperature

From all phase-change temperatures, the liquidus temperature
can be most accurately measured. Table 2 and 3 show the average
deviation (Tavg) obtained between the experimental[22,37–112] and
calculated liquidus temperatures for 283 ternary Fe–X–C alloys
(Table 2), 274 ternary Fe–Cr–X and Fe–Ni–X alloys (Table 2), 55
ternary Fe–X–Y alloys (Table 2), as well as 410 low-alloyed (143)
and high-alloyed (267) steels (Table 3). The average deviations in
the predicted liquidus temperatures are 5.6 °C for carbon alloys,
3.9 °C for Cr and Ni alloys, and 11.8 °C for other alloys (Table 2),
while the average deviation for the low- and high-alloyed steels
was 3.2 °C (see Table 3). Table 4 shows the average deviation
obtained with the liquidus temperature equations given in the
literature.[94,113–116] The experimental data are the same as in
Table 3. As can be seen, the deviations by these equations are
clearly larger than those predicted by SOL. The liquidus temper-
atures were also compared with those measured experimentally
for cast irons. In this case, the average deviation for 57 alloys
taken from other studies[50,51,94,117–126] was 7.5 °C.

Table 2. Average deviation between experimental and calculated liquidus
temperatures of ternary iron alloys.

Ternary alloy System Number
of alloys

ΔTavg [°C] Reference(s)

Carbon alloys
283 alloys
ΔTavg ¼ 5.6 °C

Fe–Al–C 20 4.0 [37-39]

Fe–Cr–C 114 4.8 [38,40-42]

Fe–Cu–C 21 3.9 [43,44]

Fe–Mn–C 18 12.0 [45,46]

Fe–Mo–C 14 4.4 [47]

Fe–Ni–C 44 5.4 [48,49]

Fe–Si–C 38 6.6 [50-53]

Fe–V–C 14 8.2 [54]

Cr and Ni alloys
274 alloys
ΔTavg ¼ 3.9 °C

Fe–Cr–Al 15 6.7 [55,56]

Fe–Cr–Cu 9 12.5 [57]

Fe–Cr–Mn 17 0.6 [58,59]

Fe–Cr–Mo 9 5.9 [60,61]

Fe–Cr–Ni 126 1.1 [62-65]

Fe–Cr–Si 8 9.3 [66]

Fe–Cr–Ti 9 8.3 [67]

Fe–Ni–Cu 12 12.6 [68,69]

Fe–Ni–Mn 24 0.9 [58,59]

Fe–Ni–Mo 20 12.0 [70]

Fe–Ni–Ti 25 3.9 [71]

Other alloys
55 alloys
ΔTavg ¼ 11.8 °C

Fe–Mn–Al 4 8.4 [72]

Fe–Mn–Cu 3 8.6 [73]

Fe–Mn–Si 15 22.9 [74]

Fe–Mo–Cu 7 12.2 [75]

Fe–Mo–Si 4 9.1 [76]

Fe–Si–Al 11 7.7 [77,78]

Fe–Cu–Al 11 3.9 [79]
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4.2. Austenite Formation Temperature

In steels, austenite starts to form as a primary phase from
liquid or as a secondary phase from liquid (start of
peritectic transformation) or from ferrite below the solidus

temperature (start of δ/γ transformation). In this presentation,
only the two latter cases are considered (the first case was
considered in connection with the liquidus temperatures).
Table 5 shows the deviation obtained between the
experimental[22,82–84,87,92,95,109–111] and calculated austenite
formation temperatures for 25 low-alloyed and 28 high-alloyed
(stainless) steels. The average deviation between the calculated
and the measured temperatures was 7.0 °C. Also shown are
the alloy number and the average deviation for each reference.
Due to the poorer accuracy of the temperature measurements
for secondary phases than for primary phases (i.e., for the
liquidus temperatures), the agreement can still be considered
reasonable. For instance, by applying the EQS mode in calcula-
tions (i.e., infinitely rapid solute diffusion), the average deviation
increases to 9 °C.

4.3. Zero-Strength Temperature

A local strengthening in the solidifying microstructure can be
assumed to start at a solid fraction value of f S ¼ 0.75,[127] which
represents a median value of two other reported values, that is,
f S ¼ 0.7 by Shin et al.[128] and f S ¼ 0.8 by Yamanaka et al..[129]

The corresponding temperature, related to the solid fraction of
f S ¼ 0.75, is obtained from the SOL calculation. Table 6 shows

Table 3. Average deviation between experimental and calculated liquidus
temperatures of low-alloyed (L) and high-alloyed (H) steels.

Steel type Number of alloys ΔTavg [°C] Reference(s)

LþH 40 3.4 [22]

L 29 0.9 [53]

LþH 23 1.1 [58,59]

LþH 6 0.8 [62]

H 29 3.1 [80]

LþH 20 4.1 [81]

H 10 3.6 [82]

L 7 3.5 [83]

H 3 6.6 [84]

H 5 5.6 [85]

H 4 4.9 [86]

H 3 2.8 [87]

H 9 2.0 [88]

H 6 3.9 [89]

H 2 9.5 [90]

H 12 5.3 [91]

L 5 2.0 [92]

H 6 5.1 [93]

LþH 88 3.8 [94]

H 10 2.6 [95]

H 18 1.7 [96]

H 24 3.0 [97]

L 6 3.4 [98]

L 3 1.1 [99]

H 3 1.1 [100]

H 3 1.5 [101]

H 3 6.3 [102]

H 1 6.1 [103]

L 1 2.4 [104]

L 1 0.3 [105]

H 4 3.7 [106]

H 3 5.4 [107]

H 2 3.0 [108]

L 2 6.8 [109]

L 2 3.5 [110]

L 2 4.4 [111]

H 15 3.9 [112]

Low alloy 143 3.0 Total

High alloy 267 3.3 Total

All steels 410 3.2 Total

Table 4. The average deviation between experimental and calculated
liquidus temperatures of low-alloyed and high-alloyed steels using
literature equations and SOL.

ΔTavg [°C]

Steel type Number of alloys [94] [113] [114] [115] [116] SOL

Low alloy 143 4.8 6.3 5.1 8.0 6.0 3.0

High alloy 267 36.8 6.3 12.8 15.1 15.8 3.3

Table 5. The average deviation between experimental and calculated
austenite formation temperatures of low-alloyed (L) and high-alloyed
(H) steels.

Steel type Number of alloys ΔTavg [°C] Reference

L 9 2.8 [22]

H 16 11.8 [22]

H 3 8.6 [82]

L 6 4.0 [83]

H 2 2.3 [84]

H 1 2.5 [87]

L 4 3.1 [92]

H 6 10.6 [95]

L 2 4.5 [109]

L 2 5.5 [110]

L 2 3.2 [111]

Low alloyed 25 3.5 Total

High alloyed 28 10.2 Total

All steels 53 7.0 Total
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the deviation obtained between the experimental[99,128,130,131] and
the calculated zero-strength temperatures for 25 low-alloyed
steels. The average deviation between the calculated and the mea-
sured temperatures is 5.6 °C. Also shown are the alloy number
and the average deviation for each reference. Knowing the
difficulties of the measuring technique and the approximate
criterion for the start of the strengthening (f S ¼ 0.75), the
agreement can be considered reasonable.

4.4. Solidus Temperature

The measuring accuracy of thermal analysis is poorer for
solidus temperatures than for liquidus temperatures. The
solidus is associated with the minimum of the cooling rate curve
of the sample, but this minimum may sometimes be difficult to
locate. Particularly, this is the case if the heat is released by
some other transformations close to the solidus temperature.
Table 7 shows the deviation obtained between the
experimental[22,52,82,84,86–88,90,92,93,95,96,99,102–111,128,130–132] and
calculated solidus temperatures for 75 low-alloyed and 103
high-alloyed (stainless) steels. The average deviation between
the calculated and the measured temperatures is as high as
10.3 °C but due to the aforementioned poor accuracy in the mea-
suring technique, the correlation can be considered reasonable.
Also shown are the alloy number and the average deviation
for each reference. By applying the EQS mode in calculations
(i.e., infinitely rapid solute diffusion), the average deviation
increases to 14.7 °C.

Table 8 shows the average deviations obtained by the solidus
temperature equations of the literature.[94,115,116] The experimen-
tal data is the same as in Table 7. As shown, the deviations by
these equations are larger than those predicted by SOL. The soli-
dus temperatures were also compared with those measured for
cast irons. In this case, the average deviation for 52 alloys from
other studies[50,51,117–126] was 6.6 °C. Note that these measure-
ments may have been related also to the eutectic temperature,
due to the difficulty of distinguishing the corresponding DTA
information of solidus from the eutectic.

4.5. Solute Microsegregation and Partition

Solute microsegregation and partition have been studied by EMP
analysis of the samples quenched from just below the solidus
temperature.[22,86] Mean solute concentrations were evaluated
in the dendrite center areas (D) and the interdendritic areas
(ID) of the samples. The microsegregation ratio is defined as

Ii ¼ CID
i =CD

i , where CID
i is the mean solute (i) concentration

in the interdendritic area and CD
i is the mean solute (i) concen-

tration in the dendrite centre area. The partition ratios are

defined as Pδ=γ�D
i ¼ CδD

i =CγD
i and Pε=γ�ID

i ¼ CεID
i =CγID

i , where

Table 6. The average deviation between experimental and calculated zero-
strength temperatures of low-alloyed (L) steels.

Steel type Number of alloys ΔTavg [°C] Reference

L 3 3.2 [99]

L 6 5.5 [128]

L 15 6.4 [130]

L 1 0.3 [131]

Low alloy 25 5.6 Total

Table 7. The average deviation between experimental and calculated
solidus temperatures of low-alloyed (L) and high-alloyed (H) steels.

Steel type Number of alloys ΔTavg [°C] Reference

L 16 8.1 [22]

H 24 11.4 [22]

L 24 7.8 [52]

H 10 14.7 [82]

H 3 1.9 [84]

H 4 10.9 [86]

H 3 8.2 [87]

H 9 15.8 [88]

H 3 9.1 [90]

L 2 15.4 [92]

H 6 8.1 [93]

H 8 14.5 [95]

H 16 10.2 [96]

L 3 22.0 [99]

H 3 6.8 [101]

H 3 14.8 [102]

H 1 0.8 [103]

L 1 6.6 [104]

L 1 2.0 [105]

H 4 5.6 [106]

H 3 10.2 [107]

H 2 8.6 [108]

L 2 2.4 [109]

L 2 5.5 [110]

L 2 4.5 [111]

L 6 12.0 [128]

L 15 11.3 [130]

L 1 9.8 [131]

H 1 6.7 [132]

Low alloy 75 9.3 Total

High alloy 103 11.1 Total

All steels 178 10.3 Total

Table 8. The average deviation between experimental and calculated
solidus temperatures of low-alloyed and high-alloyed steels using
literature equations and SOL.

ΔTavg [°C]

Steel Number of alloys [94] [115] [116] SOL

Low alloy 75 16.5 43.1 18.2 9.3

High alloy 103 34.3 58.9 65.4 11.1
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CX
i is the mean solute concentration in ferrite (φ ¼ δ, ε) or aus-

tenite (φ ¼ γ) in the dendrite area (X ¼ D) or the interdendritic
area (X ¼ ID). Table 9 shows the comparison obtained between
the experimental[22,86] and calculated average values of microse-
gregation and partition ratios for certain solutes in
low-alloyed and stainless steels. The calculated partition ratios
of Cr and Ni agree well with the measured values but in the case
of microsegregation, the agreement is poor. This may not only be
due to the uncertainty in the measuring technique based on the
line analysis (as the line may not always pass through the den-
drite center area) but also due to the uncertainty caused by the
effect of possible formation of inclusions and interdendritic
eutectic ferrite on the measured values regardless of whether
their solute compositions are included in the analysis. For Si,
however, the calculations show a systematically lower tendency
of microsegregation (typical ISi values are between 1 and 1.5)
than observed in the measurements (typical ISi values are
between 1.2 and 2). This is difficult to explain since the well-
validated thermodynamic and diffusion data of the SOL module
suggest only a low microsegregation tendency for Si.

4.6. Residual Ferrite Amounts of Stainless Steels

The control of the residual ferrite amount in stainless steel
castings is of great importance when aiming at a good
product quality. Table 10 shows the calculated (SOL),
experimental,[22,31,85,97,133–136] and predicted[137] residual ferrite
amounts in numerous stainless steels. As shown at the bottom
of Table 10, the average deviation between the calculations and
the experimental measurements is 1.12 pct and that deviation

between the calculations and the predictions[137] is 2.40 pct.
The agreement is reasonably good in both cases. The agreement,
however, seems to get worse if the steel contains significant frac-
tions of ferrite, like in the case of duplex stainless steels. In such
cases, the calculated ferrite amounts remain smaller. As an
example, the calculated ferrite amounts for eight duplex stainless
steels reported by Glownia et al.[138] are only 50–90 pct of their
measured values. On the other hand, the nitrogen compositions
of these steels were very high (even 0.3 wt%). Hence, part of that
nitrogen may have formed N2 gas because of the presence of
pores in the solid structure. In such a case, the expected effect
of nitrogen to stabilize austenite decreases and the residual fer-
rite fraction remains higher. Additional validations for the calcu-
lated residual ferrite amounts are given in Figure 14 and 15. In
the case of post-treated steels (Figure 15), note the delayed
disappearance of the last ferrite particles according to the meas-
urements. By calculations, ferrite disappears straightforwardly,
but the agreement is still reasonable.

4.7. CCP Curves of Some Precipitates

Measurements have been included in other studies[139–143] to
construct the CCP curves for AlN, (Fe,Mn)S, Nb(C,N), and
Sigma. The calculated CCP curves agree reasonably well with
these measurements, as shown in Figure 16–18. In the case
of Figure 18, it is to be noted that the sigma phase did not form
at the grain boundary but at the δ/γ phase interface. This indeed
is a typical characteristic of sigma phase.[144] Note also the slug-
gish way sigma will form, in comparison with the other precip-
itates, AlN, (Fe,Mn)S, and Nb(C,N). An additional validation was
carried out by comparing the SOL calculations with the CCP-type
carbide formation temperatures for six high-carbon steels from
Rose and Hougardy[145] and seven high-carbon steels from van
der Voort.[146] The results have been presented in earlier
work.[147] The average deviation between the measured and
calculated carbide formation temperatures was 16.5 °C. The
agreement is reasonable, considering the complex process his-
tory before the carbide formation and the somewhat moderate
accuracy in measuring the first tiny particles of the carbides.

4.8. Microstructure Data

As stated earlier, the SDAS calculations can be given by the user
or they can be calculated by the SOL module, depending on the
applied cooling rate of the solidification process. For the calcula-
tion of SDAS, a specific regression equation was optimized.
Figure 19 shows the validation of this equation with the measure-
ments available in the literature.[22,26,45,85,87,90,98,148–160] The
agreement can be considered reasonable, considering the diffi-
culty in measuring good average values for the dendrite arm
spacing from the quenched samples. A similar optimization
was made to calculate the austenite grain growth during the cool-
ing process after solidification. Figure 20 shows a comparison of
the calculated and measured[10,161–169] austenite grain sizes in
several low-alloyed steels. Again, due to the uncertainty of mea-
suring good average values for the grain sizes, the obtained
agreement can be considered reasonable. In both calculation
algorithms for the SDAS as well as the austenite grain size,

Table 9. Calculated and experimental average values of microsegregation

ratios Ii ¼ CID
i =CD

i and partition ratios of Pδ=γ�D
i ¼ CδD

i =CγD
i and Pε=γ�ID

i ¼
CεID
i =CγID

i in some low-alloyed (series 200) and stainless (series 400) steels.
The cooling rate in calculations and measurements was 0.5 °C s�1.

Series Number
of alloys

Ratio Value

Experimental Calculated Reference

200 8 ICr 1.67 1.25 [22]

200 5 INi 1.34 1.29 [22]

200 6 IMn 1.61 1.36 [22]

200 3 IV 1.97 1.77 [22]

400 14 ICr 1.14 1.28 [22]

400 14 INi 1.24 1.26 [22]

400 14 IMn 1.59 1.50 [22]

400 4 IMo 2.17 1.83 [22]

400 4 ICr 1.00 1.00 [86]

400 1 INi 1.20 1.06 [86]

400 4 IMo 1.10 1.05 [86]

400 5 Pδ=γ�D
Cr

1.22 1.21 [22]

400 4 Pδ=γ�D
Ni

0.69 0.72 [22]

400 4 Pε=γ�ID
Cr

1.17 1.16 [22]

400 4 Pε=γ�ID
Ni

0.75 0.73 [22]
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Table 10. Calculated (SOL), experimental,[22,31,85,97,133–136] and predicted[137] residual ferrite amounts in stainless steels. CRT denotes the cooling rate.

Composition [wt%] Ferrite [pct]

Ref. C Si Mn Cr Mo Ni N Cu Nb Ti CRT [°C s�1] Calc. Exp. Pred.

[22] .012 .31 1.76 19.80 .10 9.90 .031 – – – .50 9.47 9.00 7.19

.019 .31 .94 19.50 .11 10.20 .044 – – – .50 5.64 5.80 5.59

.036 .44 1.25 18.40 .38 9.10 .081 .20 – – .50 3.64 2.00 2.50

.068 .59 1.44 17.20 .47 10.30 .005 – – .51 .50 4.10 4.10 4.08

.052 .44 1.71 17.20 2.80 12.60 .010 – .54 – .50 1.92 2.90 4.04

.023 .53 1.58 17.20 2.63 13.50 .031 .19 – – .50 1.63 3.50 0.83

.048 .63 1.65 17.70 2.68 13.40 .045 .15 – – .50 1.80 0.10 0.26

.024 .58 1.79 17.40 2.77 12.80 .200 .03 – – .50 0.29 0.10 –

.008 .24 1.77 25.10 2.30 22.20 .067 – – – .50 0.25 0.70 –

.130 .52 1.67 24.30 .11 20.50 .053 – – – .50 0.53 0.40 –

[31] .059 .70 .92 18.49 .08 8.84 .047 – – – .40 3.81 4.90 4.73

.059 .70 .92 18.49 .08 8.84 .047 – – – 16.00 4.47 3.90 4.73

[85] .004 .70 .57 20.40 – 8.00 .013 – – – .94 13.71 12.60 28.24

.004 .70 .57 20.40 – 8.00 .013 – – – 5.90 14.12 13.50 28.24

.004 .70 .57 20.40 – 8.00 .013 – – – 44.00 17.68 16.40 28.24

.005 .80 .77 19.70 – 10.90 .011 – – – .42 5.50 5.50 8.81

.005 .80 .77 19.70 – 10.90 .011 – – – 4.00 5.73 6.70 8.81

.005 .80 .77 19.70 – 10.90 .011 – – – 32.00 5.93 8.40 8.81

.015 .86 .70 18.00 – 12.00 .012 – – – .54 0.79 1.50 1.59

.015 .86 .70 18.00 – 12.00 .012 – – – 3.60 0.87 1.18 1.59

.015 .86 .70 18.00 – 12.00 .012 – – – 15.00 0.90 1.14 1.59

.015 .86 .70 18.00 – 12.00 .012 – – – 35.00 0.95 1.10 1.59

.006 .17 .05 19.10 – 6.30 .016 – – – .72 13.45 13.50 34.35

.006 .17 .05 19.10 – 6.30 .016 – – – 4.30 13.66 15.20 34.35

.006 .17 .05 19.10 – 6.30 .016 – – – 32.00 16.19 16.70 34.35

.006 .17 .05 19.10 – 6.30 .016 – – – 47.00 17.69 18.00 34.35

[97] .043 2.11 1.56 19.10 – 12.10 .032 – – – 2.00 1.45 3.50 4.49

.027 2.10 1.62 19.20 – 13.10 .029 – – – 2.00 1.72 2.00 3.68

.040 1.91 1.63 19.20 – 14.10 .033 – – – 2.00 – – –

.030 2.18 1.58 19.20 – 15.10 .030 – – – 2.00 0.43 – –

.026 1.91 1.54 19.00 – 16.10 .030 – – – 2.00 0.18 – –

.025 .60 1.51 22.00 – 12.00 .044 – – – 2.00 5.60 9.80 6.40

.024 .52 1.52 22.10 – 13.00 .041 – – – 2.00 3.73 7.40 4.63

.029 .53 1.62 22.10 – 14.00 .045 – – – 2.00 1.24 4.80 1.91

.022 .53 1.59 22.10 – 15.00 .041 – – – 2.00 1.24 1.50 0.30

.028 .53 1.51 21.80 – 16.00 .038 – – – 2.00 0.81 – –

.027 .58 1.62 25.30 – 16.10 .053 – – – 2.00 3.84 7.80 4.16

.042 .58 1.55 25.30 – 17.10 .054 – – – 2.00 1.53 3.70 1.52

.025 .54 1.56 25.10 – 18.10 .055 – – – 2.00 1.42 1.30 –

.025 .56 1.53 25.30 – 19.10 .052 – – – 2.00 1.15 0.50 –

.019 .43 1.41 18.40 – 9.50 .033 – – – 2.00 3.99 5.20 4.88

.017 .36 1.42 18.80 – 9.50 .100 – – – 2.00 1.86 2.40 1.14

.020 .42 1.33 18.50 – 9.50 .146 – – – 2.00 0.47 0.70 –

.022 .54 1.54 17.50 2.56 11.00 .033 – – – 2.00 5.06 6.60 7.26

.022 .50 1.49 17.80 2.57 11.00 .090 – – – 2.00 1.77 3.90 4.78

.018 .48 1.35 17.60 2.54 11.10 .160 – – – 2.00 1.08 0.80 0.08
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Table 10. Continued.

Composition [wt%] Ferrite [pct]

Ref. C Si Mn Cr Mo Ni N Cu Nb Ti CRT [°C s�1] Calc. Exp. Pred.

.015 .55 1.46 17.60 2.31 11.10 .220 – – – 2.00 0.33 – –

[133] .027 .50 1.04 18.20 .30 10.30 .040 .30 – – .20 0.90 4.10 2.24

.045 .40 1.60 18.25 .30 9.05 .030 .30 – – .20 4.06 5.72 3.81

.042 .45 1.60 18.20 .30 8.05 .045 .30 – – .20 5.27 7.53 5.60

.042 .40 1.31 18.39 .36 12.59 .015 .27 – – .20 0.51 – –

.023 .58 1.57 18.82 .68 8.55 .169 .17 – – .20 1.13 1.97 1.53

.015 .12 1.58 20.62 4.36 24.05 .139 1.30 – – .20 – – –

.024 .49 1.23 18.18 .45 8.58 .047 .16 – – .20 5.08 8.20 6.85

[134] .080 3.81 7.00 18.00 – 8.00 .162 – – – .20 6.07 9.55 1.04

.040 3.74 8.60 18.00 – 8.00 .160 – – – .20 6.23 5.32 1.80

.050 3.50 7.90 16.90 – 8.60 .120 – – – .20 2.37 2.60 –

.050 3.80 8.90 17.00 – 9.00 .161 – – – .20 1.55 0.15 –

.050 3.70 7.90 17.70 – 8.60 .178 – – – .20 2.60 0.25 –

.050 3.90 9.90 16.00 – 8.70 .179 – – – .20 1.45 0.31 –

[135] .056 .39 .83 18.10 .10 8.10 .049 .20 – – 36.00 4.52 5.50 4.23

[136] .220 1.05 1.05 17.40 2.34 11.40 .064 .13 .69 – 2.70 1.49 – –

.210 1.06 .89 17.40 2.05 11.00 .062 .11 .57 – 2.70 1.47 – –

.230 1.02 1.01 18.00 2.17 10.90 .058 .13 .53 – 2.70 1.64 – –

.043 .78 1.09 18.40 .32 9.37 .058 .17 – – 2.70 3.39 4.20 4.19

.038 .40 .56 17.90 .11 10.70 .027 .05 – – 2.70 0.48 1.80 0.18

.085 .80 .68 18.70 .31 9.25 .073 .12 – – 2.70 2.35 1.50 1.80

.076 .87 .93 18.90 .23 9.19 .062 .12 – – 2.70 3.56 2.80 3.56

.040 1.26 .46 20.50 .12 10.00 .034 .04 – – 2.70 8.77 10.60 10.96

.033 1.34 .42 19.50 .12 10.00 .037 .04 – – 2.70 6.60 6.50 9.31

.080 .90 .85 18.20 .26 9.08 .066 .10 – – 2.70 2.39 1.80 1.77

.038 1.10 1.00 17.70 2.20 9.62 .048 .14 – – 2.70 8.28 8.10 9.83

.074 1.14 .91 18.70 2.15 10.20 .057 .14 .61 – 2.70 8.64 7.10 8.75

.070 .94 .97 18.70 2.23 11.10 .057 .14 .72 – 2.70 5.34 3.60 7.02

.065 .99 .71 18.50 2.19 10.50 .062 .14 .49 – 2.70 5.96 6.20 7.73

.036 1.15 1.08 17.70 2.18 10.10 .034 .18 – – 2.70 8.34 8.10 9.59

.220 1.05 1.05 17.40 2.34 11.40 .064 .13 .69 – .80 1.26 – –

.210 1.06 .89 17.40 2.05 11.00 .062 .11 .57 – .80 1.25 – –

.230 1.02 1.01 18.00 2.17 10.90 .058 .13 .53 – .80 1.43 – –

.043 .78 1.09 18.40 .32 9.37 .058 .17 – – .80 3.11 4.60 4.19

.038 .40 .56 17.90 .11 10.70 .027 .05 – – .80 0.45 1.50 0.18

.085 .80 .68 18.70 .31 9.25 .073 .12 – – .80 2.01 2.40 1.80

.076 .87 .93 18.90 .23 9.19 .062 .12 – – .80 3.27 3.10 3.56

.040 1.26 .46 20.50 .12 10.00 .034 .04 – – .80 8.48 11.30 10.96

.033 1.34 .42 19.50 .12 10.00 .037 .04 – – .80 6.57 7.80 9.31

.080 .90 .85 18.20 .26 9.08 .066 .10 – – .80 2.08 1.70 1.77

.038 1.10 1.00 17.70 2.20 9.62 .048 .14 – – .80 8.13 10.10 9.83

.074 1.14 .91 18.70 2.15 10.20 .057 .14 .61 – .80 8.52 8.30 8.75

.070 .94 .97 18.70 2.23 11.10 .057 .14 .72 – .80 4.87 5.30 7.02

.065 .99 .71 18.50 2.19 10.50 .062 .14 .49 – .80 5.55 6.50 7.73

.036 1.15 1.08 17.70 2.18 10.10 .034 .18 – – .80 8.19 9.60 9.59

Aver Dev. 1.12 pct 2.40 pct
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the possible pinning effect due to the formation of certain com-
pounds (precipitates) resisting the growth is included. In the case
of the secondary arm spacing, that effect comes from the
compositions of Nb, Ti, and C (forming NbC and TiC), and
in the case of the austenite grain size, the effect comes from
the calculated fractions of all possible precipitates. In the latter
case, it was not possible to characterize the pinning effects of
different precipitate types, due to the lack of proper measure-
ments for individual precipitates. According to Bernhard
et al.[10] and Schwerdtfeger et al.[164], the pinning effect is

described with a specific ratio of the precipitate fraction and
the radius, but missing detailed radius measurements for differ-
ent types of precipitates, only the precipitate fraction dependency
is considered in the SOL simulation. The austenite grain growth
is resisted by the presence of ferrite, too, if present in steel. In
that case, the pinning effect also includes the calculated ferrite
fraction.

4.9. Miscellaneous Solidification Data

Finally, some miscellaneous DTA measurements from the study
by Jernkontoret[22] were compared with the SOL calculations. The
calculations were done considering a cooling rate of 0.5 °C s�1 by
applying the corresponding measured SDAS values.[22] The
observed and calculated formation temperatures of MnS (steel
209), NbC (steel 406), M23C6 (steel 414), and Ti compound
(Ti2CS, steel 415) were 1460 and 1455 °C (steel 209), 1330
and 1322 °C (steel 406), 1285 and 1279 °C (steel 414), and
1350–1305 and 1342 °C (steel 415), respectively. On the other
hand, there are also some other thermal arrests in the study
by Jernkontoret[22], which could not be modeled by SOL.

5. Conclusion

IDS is a thermodynamic-kinetic software combining the micro-
structure tool developed over decades since 1984 to simulate the
non-EQS of steels. The present work focused on describing the
most essential features of its main calculation module, SOL, and
the results that can be obtained with it. The proper mathematics
or the specific applications of the module were not introduced in
this study.

As the SOL module takes into account the kinetics of solidifi-
cation depending on the time available for solute diffusion in
dendrite arms, its simulation results lie somewhere between
those obtained with purely thermodynamic software (assuming
a full equilibrium between all phases) and with the modified
Scheil model (assuming no solute diffusion for the slowly diffus-
ing substitutional solutes in solid). Both calculation modes can
be applied in SOL, by abbreviating the former calculations by
EQS and the latter by PKS. Strictly speaking, the PKS calculations
allow very low diffusivity for the substitutional solutes in solid to
assure a successful simulation. By comparing the non-EQS cal-
culations of SOL with those of EQS and PKS, it was found that in
multicomponent steels, the solidus predicted by EQS calcula-
tions remains too high and drops too low by PKS calculations,
regarding the nonequilibrium calculations and measurements.
Also, the calculated amounts of precipitates become odd, as
the EQS calculations predict far too high values and the PKS
calculations give far too high temperatures for their formation.
Nevertheless, both calculation modes can still give reasonable
results for some low-alloyed steels, if applied for their solidifica-
tion only.

Next, several simulations were made for a set of steels to intro-
duce some interesting results of the SOL calculations, from a
phenomenological point of view. The phenomena extensively
studied in the literature are the formation and disappearance
of ferrite and precipitates after solidification and during the
subsequent post-treatments. The simulations revealed that by

Figure 14. Calculated residual ferrite amounts in AISI 304 stainless steels
as a function of cooling rate, together with experimental data points of
Peraira[85] and predictions by Schoefer[137] (broken lines). The composi-
tions of the steels are given in Table 10.

Figure 15. Calculated residual ferrite amounts in AISI 304 stainless steel
(S304K) undergoing three different post-treatments, together with
experimental data points of Kinoshita et al.[31]
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a proper post-treatment, the residual ferrite amount in stainless
steels can be controlled, for example, by making the undesired
ferrite fraction dissolve from the final structure. The calculated
residual ferrite amounts were later compared with numerous
measurements showing that the SOL calculations compared
quite well with the presence of residual ferrite in austenitic stain-
less steels, down to low temperatures, whereas on the basis of

equilibrium calculations, that ferrite tends to disappear at rela-
tively high temperatures. Concerning the simulations made
for the formation of precipitates and their dissolution, it was real-
ized that one must design the post-treatment very carefully, to
avoid unfavourable results. Several example simulations made
for the precipitation of carbide NbC and carbonitride
Nb(C,N) revealed that the desired presence of NbC in tool steel

Figure 16. Calculated CCP curve of AlN and (Fe,Mn)S precipitation from ferrite, together with experimental data points of Iwayama and Haratani.[139]

Figure 17. Calculated CCP curves of Nb(C,N) precipitation from austenite, together with experimental data points of Park et al.[140] and Maehara et al.[141]
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applications can be ensured by long-lasting post-treatments at
reasonably low temperatures, whereas the formation of
undesirable Nb(C,N) precipitates that can cause detrimental
fine networks along the grain boundaries can be prevented by
post-treatments made at a sufficiently high temperature, depend-
ing on the steel composition. Also demonstrated was the effect of
alloying on the final amounts of Nb(C,N). As expected, by
decreasing the C or Nb compositions of the example steel, the
amounts of Nb(C,N) could be decreased. Similar results were
also obtained in the case of Ti alloying, as the carbonitride

Ti(C,N) forming already from the liquid state ties up most of
the N from the solution.

Finally, the SOL module calculations were validated
with numerous solidification measurements of the literature,
such as those for liquidus and solidus temperatures of different
steels and the residual ferrite amounts in stainless steels. Also
considered were the austenite formation temperatures
(after the appearance of ferrite), the zero-strength temperatures,
the solute microsegregations and partitions, the SDAS, and
the austenite grain sizes. The agreement was good or reasonable

Figure 18. Calculated CCP curve of sigma phase precipitation from ferrite, together with experimental data points of Wilson and Nilsson[142] and
Stradomski and Dyja.[143]

Figure 19. Calculated versus experimental[22,26,45,85,87,90,98,148–160] SDAS
in carbon, low-alloyed, and high-alloyed steels.

Figure 20. Calculated versus experimental[10,161–169] austenite grain sizes
in low-alloyed steels.
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indicating an appropriate general validity of IDS simulations
for different types of steels. This is a great advantage in
comparison with the so-called “spearhead” models, which
typically give good agreements only for some specific group
of steels.
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