i

MONTAN

UNIVERSITAT
M LEOBEN W

Chair of Ferrous Metallurgy

Doctoral Thesis

Influence of phosphorus on high-
temperature phase transformations in steel

Dipl.-Ing. Michael Christian Bernhard, BSc

July 2021



- ; www.unileoben.ac.at

EIDESSTATTLICHE ERKLARUNG

Ich erklare an Eides statt, dass ich diese Arbeit selbstandig verfasst, andere als die angegebenen
Quellen und Hilfsmittel nicht benutzt, und mich auch sonst keiner unerlaubten Hilfsmittel bedient habe.

Ich erklare, dass ich die Richtlinien des Senats der Montanuniversitat Leoben zu "Gute
wissenschaftliche Praxis" gelesen, verstanden und befolgt habe.

Weiters erklare ich, dass die elektronische und gedruckte Version der eingereichten
wissenschaftlichen Abschlussarbeit formal und inhaltlich identisch sind.

Datum 09.07.2021

Unterschrift Verfasser/in
Michael Christian Bernhard



EXPRESSION OF THANKS

Expression of thanks

First of all, | would like to thank Univ.-Prof. Dipl.Ing. Dr.techn. Johannes Schenk for providing

the possibility to write my PhD thesis at the Chair of Ferrous Metallurgy.

The supervision of my PhD thesis and the valuable feedback of Assoc.Prof. Dipl.Ing. Dr.mont.
Susanne Michelic and Univ.-Prof. Dipl.Ing. Dr.mont Helmut Clemens during my research work

is greatly acknowledged.

A special thanks goes to my colleague and friend Dipl.Ing. Dr.mont. Peter Presoly who
introduced me to the wide field of thermal analysis techniques and showed me what the term
“careful” means with respect to experiments in the laboratory. Beside our intensive technical

discussions, | enjoyed our talks on daily news and the valuable time we spent outside of work.

Further, | would like to thank my project partners Dr. Susanne Hahn from primetals
technologies Austria GmbH and Dr. Sergiu llie from voestalpine Stahl GmbH for the trust in
my research and showing me the industrial relevance of my project work. I'm looking forward

to further collaborations with you.

Prof. Youn-Bae Kang from Graduate Institute of Ferrous Metallurgy at Pohang University of
Science and Technology (South Korea) introduced me to computational thermochemistry and
the CALPHAD approach. Thank you for the extensive supervision of the modelling work, |

really enjoyed the time of my research stay at Ecole polytechnique de Montréal (Canada)!

| would like to thank our engaged crew in the melting shop: Michael Jager, Anton Reitbauer,
Ewald Suchadolnik and Gerhard Winkler. It is not self-evident to perform complex solidification

experiments and having a good time at once.

PhD thesis Michael Bernhard I



EXPRESSION OF THANKS

Without the extensive metallographic work of Bernhard Gerstl, Bernd Lederhaas, Tobias

Rieger and Nadine Tatzreiter, only a small fraction of the present results would be created.

Franz Prucha from voestalpine Stahl Linz GmbH performed the chemical analysis of all

samples in an outstanding manner. Thank you for sharing your expertise on analytics with me!

My colleagues and friends Michael Lammer, Dipl.Ing. Dr.mont. Lukas Preuler and Paul
Reisinger not only helped me in my working life but also we pushed our fitness to the physical

limit. | really don’t want to miss our hiking trips and joint mountain runs!

Last but not least | gratefully thank my family - my parents, my grandparents and my girlfriend
- for all the support | got through my whole life and during my study time. The good mood of
my mother always put a smile on my face, even in the worst moments of preparing myself for
a tough examination. My father is not only the person who inspired me as a role model with
the passion he has for solving scientific problems but is also the friend | can talk to in any -

private or profession - situation of my life.

PhD thesis Michael Bernhard Il



KURZFASSUNG

Kurzfassung

Im Allgemeinen wird Phosphor als unerwiinschtes Begleitelement und als Schadling bei der
Stahlherstellung betrachtet. Wahrend der Erstarrung fihrt die starke Anreicherung von
Phosphor in der interdendritischen Schmelze zu einer deutlichen Absenkung der
Solidustemperatur. Die auftretende Seigerungstendenz ist dabei von der Erstarrungsabfolge
im Peritektikum des Fe-C Diagramms abhangig und nimmt mit steigendem Kohlenstoffgehalt
zu. Die signifikante Aufweitung des Erstarrungsintervalls fihrt in weiterer Folge zu einer

erhohten Heildrissempfindlichkeit des Stahls.

Heutzutage wird Phosphor trotz seiner negativen Auswirkungen auf die Produktqualitat
spezifisch als kostenglinstiges Legierungselement im Stahl verwendet. Beispielsweise wirkt
Phosphor als effektiver Mischkristallverfestiger und verbessert die elektrischen Eigenschaften
von siliziumhaltigen Elektroblechen. In phosphorlegierten Stahlgiten liegt der
Leigerungsgehalt bei 0.10 % und ist damit deutlich hoéher als in der Stahlherstellung
ublicherweise angestrebt: Hochreine Stahle enthalten weniger als 0.01 %P wahrend die
Toleranz bei Baustdhlen mit einem Maximalwert von 0.05 % etwas grol3ziigiger ausgelegt

wird.

Im Stranggiel3prozess wird der erstarrende Strang hohen mechanischen Belastungen
ausgesetzt, welche durch Ausbauchung, Biegen und Richten des Strangs sowie durch
thermische Gradienten innerhalb der Strangschale entstehen. Zugspannungen an der
Erstarrungsfront kénnen in Kombination mit der erhdhten Heilrissbildungsneigung von
phosphorlegierten Stahlen zu einer deutlichen Beeintrachtigung der Produktqualitat fihren.
Die Anpassung der Prozessparameter flr das Vergielten von phosphorlegierten Stahlen ist

daher von grofiter Bedeutung. Fir die erfolgreiche Optimierung der Giel3parameter ist dabei
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KURZFASSUNG

die exakte Kenntnis von Phasenumwandlungstemperaturen und thermodynamischen Daten

des Stahls unumganglich.

In der vorliegenden Arbeit wurde daher der Einfluss von Phosphor auf die Hochtemperatur-
phasenumwandlungen von Stahl anhand des Fe-P Phasendiagramms sowie mehrerer
vertikaler Schnitte im ternaren Fe-C-P System untersucht. Fokus lag hierbei auf der Bedeutung
fuir den Stranggielprozess. Im experimentellen Teil wurden die in-situ Techniken der
Dynamischen Differenzkalorimetrie (DSC), der  Hochtemperatur-Laserscanning-
Konfokalmikroskopie (HT-LSCM), der Hochtemperatur-Réntgenbeugung (HT-XRD) und der
Dilatometrie zur Bestimmung der Umwandlungstemperaturen eingesetzt. Neben der
klassischen DSC-Analyse wurde ein neuartiger Ansatz zur Kopplung von DSC und HT-LSCM
Beobachtungen entwickelt, um die Phasengrenzlinien des geschlossenen ,y-loops“im binaren
Fe-P System zu rekonstruieren. Unter Beriicksichtigung der neu gewonnenen experimentellen
Erkenntnisse wurde eine CALPHAD-basierende (Calculation of Phase Diagrams),
thermodynamische Optimierung des Fe-P und Fe-C-P durchgefihrt. Erstmals erfolgte die
Beschreibung der Flissigphase in diesem Legierungssystem mit dem modifizierten
quasichemischen Modell (MQM). Die experimentellen Daten sowie die thermodynamischen
Berechnungen konnten genutzt werden, um ein Mikroseigerungsmodell zur Beschreibung der
Erstarrung von Stahl unter stranggielRahnlichen Bedingungen zu verbessern. Spezieller Fokus

lag hierbei auf phosphorlegierten Stahlen.
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ABSTRACT

Abstract

Phosphorus is generally known as harmful element in steel. During the solidification, P
strongly segregates in the interdendritic liquid leading to a significant drop of the solidus
temperature. Depending on the solidification sequence in the peritectic range of the Fe-C
based, multicomponent phase diagram the segregation tendency increases with higher
amount of carbon. As a consequence, even small amounts of P favour the hot tear formation
in technological solidification processes. However, in recent steel design, P is added as
alloying element to improve the physico-mechanical properties of advanced steel grades. In
so called “rephosphorized” steels, the maximum P content exceeds 0.10 mass percent and is
far higher than the typical concentration of P < 0.010% in high-quality steels or P < 0.05 % in

construction steels.

In the continuous casting process, mechanical stresses are exerted on the solidifying shell due
to bulging, bending/straightening and thermal gradients. In combination with the increased hot
tear sensitivity of highly P-alloyed steels, the tensile stresses along the solidification front may
cause serious internal defects and special care has to be taken in optimizing the process
parameters for casting rephosphorized steels. However, beside the precise knowledge of the
actual process conditions, accurate phase diagram data and thermodynamic properties of the

steel are required for a successful process control during casting.

In the present PhD thesis, the effect of phosphorus on high-temperatures phase
transformations with respect to the continuous casting process was therefore studied by
investigating the binary Fe-P and ternary Fe-C-P key-systems. In the experimental part various
in-situ techniques of differential scanning calorimetry (DSC), high-temperature laser scanning
confocal microscopy (HT-LSCM), high-temperature X-ray diffraction (HT-XRD) and dilatometry

were applied to characterize the phase transformation temperatures and phase stabilities. In
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ABSTRACT

addition to classical DSC analysis of high-temperature phase equilibria, a novel approach of
coupling DSC analysis and HT-LSCM observations was developed to characterize the “y-loop”
in the Fe-P system. CALPHAD-type (Calculation of Phase Diagrams) thermodynamic
optimizations of the Fe-P and Fe-C-P systems were carried out considering the newly gained
phase diagram data. For the first time, the modified quasichemical model (MQM) was applied
for the liquid phase in this alloying system. Finally, the experimental data and the improved
thermodynamic assessment were used to further develop a microsegregation model for
calculation of solidification close to continuous casting conditions with particular focus on

rephosphorized steels.
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INTRODUCTION

1 Introduction

Today, continuous casting is the most dominating casting process in the steelmaking
industry. The process is characterized by its cost-efficiency and provides the possibility of
manufacturing a wide range of steel grades. More than 96 % [1] of the annual steel production
is continuously cast to billets, blooms or slabs. Billets and blooms are the starting materials for
long products, e.g. wire rods and rails whereas slabs are typically further processed to heavy

plates and steel sheets for the automotive sector.

In order to guarantee a successful process control, detailed information on the solidification
behaviour of the steel grade is required. Many continuously casted steels contain less than
0.60 mass percent of carbon and solidify in the peritectic part of the Fe-C based,
multicomponent phase diagram. Depending on the chemical composition, the different phase
transformation paths are characterized by unique solidification phenomena occuring within the
casting process. The pre-identification of the ferrite (6-Fe) and austenite (y-Fe) phase
stabilities in the peritectic range as well as the precise knowledge of liquidus and solidus
temperatures are therefore of great importance in order to adjust the practical operation
parameters. For instance, increased trace levels of strongly segregating elements like
phosphorus decrease the solidus temperature and favour hot tearing in the liquid + solid two-
phase region. As a consequence, the secondary cooling strategy, the casting speed and
position of the softreduction have to be modified avoiding the formation of defects in the

solidifying strand.

Aim of the PhD work was therefore to experimentally and to thermodynamically investigate the
influence of phosphorus on high-temperature phase transformations in steel with respect to
the continuous casting process. For this purpose, various in-situ experimental techniques were

applied including differential scanning calorimetry (DSC), high-temperature laser scanning
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INTRODUCTION

confocal microscopy (HT-LSCM), high-temperature X-ray diffraction (HT-XRD) and
dilatometry. The newly gained phase diagram data were further processed in a CALPHAD-
type (Calculation of Phase Diagrams) thermodynamic modelling of the binary Fe-P and ternary
Fe-C-P systems. Finally, the results were implemented into an in-house microsegregation

model for solidification calculation of steel under conditions close to continuous casting.

Though the influence of phosphorus on phase equilibria in steel was frequently studied in the
past, this research field is “again” of great interest for the iron and steelmaking community. In
recent steel design, P is added as alloying element in order to improve several physico-
mechanical properties of advanced steel grades. In so called “rephosphorized” steels, the
maximum P content partly exceeds 0.10 mass percent, which is far higher than the typical
trace element level of P < 0.01 % in high-quality steels or P < 0.05 % in steels for constructural

applications.

The present cumulative-type PhD thesis is structured into two main parts. The first section
summarizes the state of the art and deals with challenges in continuous casting of steels with
high amount of phosphorus. Aspects of applying computational thermodynamics in process
modelling are also discussed in this chapter. The second part highlights the novel research
findings of the present work and contains the peer-reviewed papers published within the

project of the PhD thesis.
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STATE OF THE ART

2 State of the art

This chapter emphasises the need of ongoing research activities to characterize the
influence of phosphorus on high-temperature phase transformations in steel with special focus
on the continuous casting process. The first part deals with the general role of phosphorus as
alloying element in advanced steels. Then, aspects of casting of rephosphorized steels are
discussed based on the binary Fe-P and ternary Fe-C-P phase diagrams. Finally, potentials of
computational thermodynamics in modelling the casting process are presented considering

the CALPHAD approach and optimizations of the Fe-C-P system.

2.1 Phosphorus in steel

Phosphorus is generally known to be a harmful element in steel. During the solidification, P
strongly segregates in the liquid phase and even low amounts (0.01 - 0.03 %) may seriously
affect the product quality in the continuous casting process. Further, the phosphorus impurity
level is relevant to consider in the heat treatment processing of low-alloyed Q(uenched) &
T(empered) steel grades. Particularly for Mn-, Mn-Cr and Cr-Ni steels, long holding times
between 350 - 600 °C [2,3] or slow cooling through this critical temperature range favor the
segregation of impurities (P, Sb, Sn and As) to (prior austenite) grain boundaries [3] during
tempering. This effect is well-known as “temper embrittlement” and leads to a loss of ductility
and an increase of the brittle-ductile transition temperature in the final product. It was shown
by various researchers [2,4,5] that the grain boundary segregation of P raises the sensitivity

of steel to temper embrittlement at already low impurity levels (P 2 0.02 %).
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STATE OF THE ART

2.1.1 Relevance of phosphorus in recent design of advanced steel grades

Despite its negative effects on steel, phosphorus is specifically added in recent material

design with concentrations up to 0.15 mass percent as P shows beneficial influence on

selected material properties of advanced steel grades. Highly P-alloyed steels are known as

‘rephosphorized grades”, their applications and typical P contents are briefly summarized as

follows, see also attached Papers I-lll:

High-strength interstitial-free (HSIF) and Ultra-Low-Carbon (ULC) steels are widely used

in the automotive sector. The low carbon and nitrogen contents (< 0.003 %) guarantee
superior deep drawability required for a high surface quality of exterior skin parts. Typically,
solution hardening elements such as Mn, Si and P are added to IF steels contributing to
increased strength values. [6] Among these elements, phosphorus has been proven as
most effective in the steel matrix. [7] Alloying of 0.085 mass pct. increase the yield strength
by 60 MPa and the tensile strength by 80 MPa [8]. Further, it was reported [9] that
phosphorus can contribute to the bake hardening (BH) effect in ULC-BH steel grades.

Transformation-Induced-Plasticity (TRIP) steel grades belong to the group of advanced

high strength steels (AHSS) being applied for crash-relevant components in automotive
engineering. The microstructure consists of about 60 vol. % ferrite, 25 vol. % bainite
balanced with ~ 15 vol. % retained austenite. [10] Alloying elements such as Si, Al and P
suppress the precipitation of carbides (FesC) and stabilize the retained austenite at room
temperature. During final forming, the metastable austenite transforms into martensite
leading to an excellent combination of strength and ductility. [10] In TRIP steels,
phosphorus partly substitutes silicon and aluminum. Amounts of about 0.10 mass pct. are
considered to show beneficial influence on the TRIP effect. [11,12]

Instead of plain carbon steels, weathering steels with improved atmospheric resistance are

often used in structural application. Alloying of minor amounts of Cr, Ni, Si, P and Cu
promote the formation of a stable rust layer under long-term use in corrosive atmospheric
environment. Therefore, coating or painting of the components is not required. [13,14] The
maximum P content of weathering steels is defined by 0.15 %. [13—15]

In silicon steel sheets for electrical applications (Si-steel) it was shown that alloying of

phosphorus with amounts up to 0.10 mass pct. improve the crystallographic texture and
reduce the core loss [16,17]. Within the current energy evolution, these steel grades attract

much attention due to their application in transformer technology and electrical motors.

PhD thesis Michael Bernhard 4



STATE OF THE ART

2.1.2 Phase stabilities in the Fe-P and Fe-C-P systems

Phase diagrams can be seen as a roadmap for developing new materials. Many product
properties and process relevant issues are closely related to the corresponding phase
diagrams. In order to describe the physical-chemical influence of phosphorus in the steel
matrix, the precise knowledge of the binary Fe-P and ternary Fe-C-P key systems are of great
importance. Hence, this chapter provides an overview of available experimental data based
on the work of Okamoto [18] and Perrot [19] and introduces the general constitution of the Fe-

P and Fe-C-P systems.

According to Okamoto [18], nine phases are stable in the binary Fe-P system: The stability of
three solution phases - liquid, body centered cubic ferrite (bcc or a/d-Fe) and face centered
cubic austenite (fcc or y-Fe) - as well as the existence of three stoichiometric compounds -
FesP, Fe;P and FeP - was confirmed in previous work. Though the existence of higher order
phosphides (FeP. and FeP,) was reported in references [20-23], the exact phase boundaries
in the P-rich part are still unknown [18] as no reliable experimental data are available at
compositions higher than that of the FeP compound (P ~ 35 mass pct.). The high volatilization
of P makes experimental investigations in the P-rich region quite challenging. [24] For pure
phosphorus the most common form is white P (or a-P). [18] The ternary Fe-C-P system
comprises 11 phases including the nine phases from the Fe-P phase diagram as well as the
metastable cementite (FesC) and stable C (graphite) from the Fe-C system. No ternary phases
were reported in the Fe-C-P system. All phases found under atmospheric pressure conditions
are summarized in Table 1 along with crystallographic data (Pearson symbol, space group,

Strukturbericht designation and the corresponding prototype).

Numerous experimental techniques were applied to characterize the Fe-P and Fe-C-P phase
diagrams (see Table 2 and Table 3): (i) “Thermal analysis” is based on the enthalpy change
during the investigated phase transformation and was frequently used to study melting
equilibria, (ii) “thermo-magnetic analysis” is of particular relevance for determining solid-state
phase equilibria between austenite and ferrite taking into account the different magnetic
susceptibility of bcc and fcc above the Curie temperature and (iii) “equilibration methods” are
performed by heat-treating the samples at elevated temperatures. After chemical and thermal
equilibration the specimen is quenched in ice-water to stabilize the high-temperature
microstructure down to room temperature. The final phase analysis is done either by optical
microscopy or electron probe microanalysis (EPMA). Extensive discussion on the reliability of
the phase diagram data with particular focus on liquid/solid equilibria can be found in Paper I;

Paper lll deals in detail with the analysis of the solid state ferrite/austenite phase equilibrium
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data. Beside the phase diagram data, measurements of the thermodynamic properties
(activities, enthalpies, etc.) and previous thermodynamic descriptions were critically evaluated
within the CALPHAD-type optimization in Paper II.

For graphical representations of phase diagrams in this section, the thermodynamic
descriptions of the Fe-P system according to Shim et al. [25], Miettinen and Vassilev [26] and
You and Jung [27] were implemented into the FactSage 8.0 thermochemical software [28].
From literature, two parameter sets for the Fe-C-P system are available from Gustafson [29]

and Shim et al. [30]; the more recent work of Shim et al. [30] was used in the present chapter.

Table 1: Stable phases in the ternary Fe-C-P system along with crystallographic data [18,19,31]

Phase Pearson symbol Space group Strukturbericht Prototype
Liquid - - - -

(yFe) cF4 Fm3m A1 Cu

(aFe), (5Fe) cl2 Im3m A2 w

FesP t132 14 DOe NisP

Fe2P hP9 P62m C22 FeaP

FeP oP8 Pna21 - MnP

FeP2 oP6 Pnnm c18 FeS:2 (marcasite)
FeP4 mP30 P2i/c - FeP4

(P) white c* - - (P) white
FesC oP16 Pnma D011 FesC
C(gr) hP4 P63s/mmc A9 C(gr.)

2.1.21 The binary Fe-P phase diagram

First experimental investigations of the Fe-P phase diagram started already at the beginning
of the 20" century by Stead [32] and Gercke [33]. Saklatwalla [34] and later, Konstantinow [35]
reconstructed the phase diagram up to ~ 25 mass pct. by evaluating cooling curves of thermal
analysis. Haughton [36] combined thermal analysis, magnetic measurements and
metallographic examination to identify phase transformation temperatures and magnetic
transitions between 0.089 - 30 mass pct. P. Solid state phase stabilities of austenite and ferrite
were studied by Roquet and Jegaden [37] using dilatometry and equilibration experiments with
subsequent quenching, including metallographic examination. Lorenz and Fabritius [38] and
Fischer at al. [39] used the concept of the magnetic balance to completely reconstruct the

austenite/ferrite phase boundaries. Wachtel et al. [40] characterized the solid/liquid phase

PhD thesis Michael Bernhard 6



STATE OF THE ART

boundaries up to 13 mass pct. P. The solubility of P in ferrite was reported in the temperature
range of 550 - 1200 °C in the studies of Kaneko et al. [41], Doan and Goldstein [42] and Ko
and Nishizawa [43]. The most recently published data of Schirmann and Kaiser [44] in the
year 1980 and Morita and Tanaka [45] in 1986 focused on the solid/liquid phase boundaries.
In both studies equilibration experiments with subsequent EPMA were intensively used.
However, further experimental research on the phase diagram constitution stopped after the
year 1986. Since then, first activities were reuptaken within the present thesis for the Fe-rich
part in Paper | and lll. All available data from literature and the used experimental techniques

are summarized in Table 2.

Table 2: Experimental phase diagram data of the Fe-P system from literature [34—45].Note, that in case
of equilibration experiments the given composition is not the initial sample analysis but corresponds to

the directly measured value of the respective phases.

Authors (year) Experimental Temperature Composition Ref.
technique [°C] [mass pct.]
Saklatwalla (1908) Thermal analysis 885 - 1510 0-24.5 [34]
Konstantinow (1910) Thermal analysis 925 - 1505 0.50 - 21 [35]
Haughton (1927) Thermal analysis, 731 - 1440 0.089 - 30 [36]

magnetic tests

Roquet and Jegaden (1951)  Equilibration, 860 - 1425 0.075-0.35 [37]
dilatometry

Lorenz and Fabritius (1962) Magnetic balance 940 - 1330 0.25-0.62 [38]

Fischer et al. (1966) Magnetic balance 920 - 1370 0-0.60 [39]

Wachtel (1963) Thermal analysis, 1048 - 1534 0-13.13 [40]

magnetic tests

Kaneko et al. (1965) Equilibration 700 - 1000 ~0.8-25 [41]
Doan and Goldstein(1970) Equilibration 550 - 1100 0.0025-16.50 [42]
Ko and Nishizawa (1979) Equilibration 600 - 1200 ~0.30-2.50 [43]
Schirmann and Kaiser Thermal analysis, 950 - 1520 ~0.75-22 [44]
(1980) equilibration

Morita and Tanaka (1986) Equilibriation 1132 - 1460 ~0.35-10 [45]
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STATE OF THE ART

The binary Fe-P phase diagram [25-27] calculated up to 35 mass pct. P (composition of FeP),
is plotted in Figure 1; along with experimental data from literature [34—46]. In the Fe-rich part,
the liquid phase, ferrite (bcc) and the FesP compound form an eutectic type phase equilibrium
at the temperature of 1048 °C [18], where the maximum solubility of P is given with 2.8 % and
the eutectic composition is 10 mass pct. P. [18] Between 0 - 0.7 mass pct. P and temperatures
of 900 - 1400 °C, the phase boundaries of austenite and ferrite are characterized by a
completely closed fcc field, well known as “y-loop”, where ferrite is stable over a wide region
in the phase diagram. In the P-rich part of the phase diagram, various authors [35,36,44]
reported incongruent melting of the FesP compound in the temperature range of 1155 - 1173
°C, the peritectic phase equilibria liquid + Fe;P < FesP is accepted at 1166 °C [18]. The FexP
phosphide melts congruently at a temperature of 1370 °C [18], the measured melting point in
this case varies between 1270 °C [34], 1350 °C [35] and 1370 °C [36]. The eutectic
temperature of the reaction liquid < Fe,P + FeP is consistent in the studies of Haughton [36]
(1262 °C) and Schirmann and Kaiser [44] (1265 °C) with the eutectic composition of 27 mass
pct. P [36].
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Figure 1: Binary phase diagram calculated with the thermodynamic descriptions of Shim et al. [25],
Miettinen and Vassilev [26] and You and Jung [27] up to the FeP composition. Experimental data were

taken from references [34—46].
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The enlarged parts of the liquid/solid equilibria in the Fe-rich part of the Fe-P phase diagram
is shown in Figure 2 (a). P strongly lowers both, the liquidus (T.) and solidus (Ts) temperature
of Fe. Starting from the melting point of pure iron (1538 °C), and considering a theoretical linear
shape of the phase boundaries, T, is decreased by - 50 [°C/%P]. The drop of Ts is even larger
with - 200 °C/%P. Further, the diverging phase boundary lines of T. and Ts result in a

pronounced segregation tendency of P during solidification of steel.

A detailed view on the calculated solid-state y-loop [25-27] is provided in Figure 2 (b) with the
experimental data of references [36—39]. The maximum solubility of P in austenite is generally
defined by 0.31 mass pct. [18,38] whereas larger differences can be obtained for the
fcc+bcece/bee phase boundary. Lorenz and Fabritius [38] proposed that austenite is stable until
0.66 mass pct. P, the given value of Fischer et al. [39] is around 0.60 mass pct. and indicates
a stronger ferrite stabilizing effect of P. In addition, the dependence of the Curie temperature
on the P content in shown in Figure 2 (b). The magnetic transition is shifted to lower

temperatures with increasing amount of P.
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Figure 2: Enlarged Fe-P phase diagram in the Fe-rich part [25-27] along with experimental data of [34—
46] (a) and “y-loop” in the Fe-P diagram [25—-27] compared with data of references [36—39] (b).

2.1.2.2 Phase equilibria in the ternary Fe-C-P system

A lot of attention has been paid to phase equilibria in the ternary Fe-C-P system in foundry
research work: The strong segregation tendency of P favors the formation of a low melting
eutectic during solidification of cast iron at 955 °C [47], known as “Steadit”. The ternary eutectic
(Liquid <« fcc + FesC + FesP), if not specifically intended to increase the wear-resistance, is

often considered as harmful microstructure constituent in cast iron. [48]
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First investigations on the Fe-C-P phase diagram have been carried out by Goérens and
Dobbelstein [49], Wist [50] and Stead [51]. In 1929, Vogel [52] published various isopleths of
the Fe-C-P system obtained from thermal analysis and metallographic examinations. A vertical
section with constant carbon content (2.4 mass pct. C) was reported by Ohide and Ohira [53].
Isothermal sections between 800 - 1100 °C and in the composition range of 0 - 3 mass pct. C
and 0 - 6 mass pct. P were reconstructed in references [41,46,54,55]. The liquidus projection
of the Fe-C-P system is accepted from the experimental investigation of Schirmann et al. [47].
The available experimental data are summarized in Table 3. For detailed information on the
the composition range investigated by Vogel please see reference [52]. However, similar to
the binary Fe-P system the experimental research stopped nearly 30 years ago. It can be seen
in Table 3 that a lack of data exists in the literature for melting equilibria at low phosphorus (P
< 0.20%) and carbon content (C < 0.60%). This composition range is of particular relevance

for the continuous casting of typical advanced steel grades.

Table 3: Experimental phase diagram data of the Fe-C-P system. Note that for equilibriation
experiments in references [41,46] the given composition range corresponds to the directly measured

analysis of each phase; for reference [54] the initial chemical analysis of the samples is given.

Authors (year) Experimental Temperature Composition Ref.
technique [°C] [mass pct.]
Vogel (1929) Thermal analysis 700 - 1500 see reference [52]
Kaneko (1965) Equilibration 800 - 1000 0.58 - 1 %C, [41]
0.2-0.8 %P
Langenscheid (1970) Equilibration 900 - 1000 0.09 - 3.52 %C, [54]
0.05-5.2 %P
Hofmann et al. (1970) Equilibration 600 - 900 0-0.60 %C, [46]
(Diffusion couples) 0.15-1.9 %P
Ohide and Ohira (1975) Unidirectional 950 - 1350 24 %C,043- [53]
solidification 8 %P
Schirmann et al. (1984) Thermal analysis 1100 - 1450 0.10 - 3.45%C, [47]
0.66 - 7.81

The calculated metastable liquidus projection of the Fe-rich part in the ternary Fe-C-P system
[30] is presented in Figure 3 (a); along with the data of Schirmann et al. [47]. At a carbon

content lower than 0.6 mass pct., the primary solidifying phase is typically ferrite (bcc); with
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increasing amount of C the solidification changes from ferrite type to austenite (fcc) type.
Phosphorus slightly influences the primary solidification mode according to the peritectic line
[30]: At P < 6 mass pct. the univariate line is independent of the P content, only if P exceeds
~ 7 % ferrite is stabilized as the primary phase. The peritectic line ends in the invariant point
(IP) Uy (0.80 %C and 8.55 %P), where Liquid + bcc are in equilibrium with fcc + FesP at a
temperature of 1004 °C [47]. The invariant point E1 at 1.9 %C and 6.75 %P corresponds to the
Steadit ternary eutectic equilibrium Liquid « fcc + FesC + FesP at 955 °C [47].

Section A in Figure 3 (b) shows the influence of 0.075 and 0.15 mass pct. P on the peritectic
range in the binary Fe-C phase diagram. The three characteristic points ca, cg and cc indicate
the change of the phase transfomation paths in the peritectic system depending on the C
content [56,57]. Left to ca (0.09 %C) melting/solidification is observed in ferrite structure. Within
the “hypo-peritectic”, region between the points ca and cs (0.17 %P), the final solidification/first
melting, coincidents with the peritectic phase transformation (Liquid + bcc < bcc + fcc) and is
of special interest for continuous casting of steel: The strong contraction at the final stage of
solidification resulting from the transformation of bcc-Fe to fcc-Fe may cause serious problems
in the casting process, e.g. breakout and affects the product quality, e.g. crack formation and
poor surface quality. [58] In the “hyper-peritectic” range of cg - cc (0.53 %C) the peritectic
transformation is completed during solidification, the further solidification progress takes place
in austenite structure. At C contents higher than cc pure solidification/melting of austenite is
observed from the phase diagram. Alloying elements may significantly influence the position
of the characteristic points depending on whether they stabilize the ferrite phase (Si, Al, Cr,
...) or austenite (Mn, Ni, ...). However, according to the work of Shim et al. [30] even higher
amounts of P (0.15 mass pct.) only slightly shift the hypo-peritectic range of the binary Fe-C
system to 0.087 - 0.178 %C. Nevertheless, phosphorus strongly decreases the solidus
temperature of ferrite and austenite in the Fe-C diagram. Further, P lowers the peritectic start
temperature, decreases the solid state &/y-transformation (bcc < bcc + fcc; bee + fcc « fec)
and forms an extended three-phase equilibrium (bcc + fcc + Liquid). All described effects of P
on the Fe-C diagram are consistent with the characteristics of the binary Fe-P system in
Chapter 2.1.2.1.

Section B in Figure 3 (¢) corresponds to a constant mass pct. ratio of P to C is equal to one
and represents a high phosphorus - high carbon section with selected experimental data of
references [52,54,55]. Most of the changes in the Fe-C phase diagram are in agreement with
section A. It can be seen, that at increased contents of C and P (> 0.75 mass pct.), the FesP

and Fe3C compounds form already during final stage of solidification.
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Figure 3: Metastable liquidus projection of the Fe-C-P system in the Fe-rich part [30] along with
experimental data of Schirmann et al. [47] (a), calculated vertical section [30] with constant mass pct.
ratio of P/C = 1 and experimental data from references [52,54,55] (b) and influence of phosphorus

(0.075/0.15 mass pct.) on the peritectic range of the Fe-C diagram [30] (c).
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2.1.3 Aspects of continuously casting rephosphorized steel grades

2.1.3.1 Continuous casting and product quality: A brief introduction

In general, continuous casting machines are devided into billet, bloom and slab casters.
Billets and blooms are mainly used for long products (e.g. bars/rods and rails/structural
shapes) whereas slabs are further processed into flat products (e.g. heavy plates/coils).
However, the general process is similar for all caster layouts and is schematically shown for
slabs in Figure 4 [59]. Liquid steel is transported with a defined superheat from secondary
metallurgy via ladles to the caster. From the ladle, the liquid steel flows through the ladle
shroud into the tundish. The tundish represents an intermediate vessel which guarantees the
actual continuity of the process without interrupting the casting sequence. Tundish and mold
are interconnected via the submerged entry nozzle (SEN) where the inlet quantity is controlled
by a stopper rod. The stopper ensures proper feeding according to the current casting format
and casting speed. At the meniscus, close to the top of the water-cooled copper mold, the
initial solidification starts. Mold oscillation and the utilization of casting powders ensure

sufficient lubrication and control the heat flux in the mold.

When the solidifying shell exits the mold, supporting rolls are required to minimize bulging of
the strand due to the ferrostatic pressure caused by the liquid pool inside the solidified shell.
The zone ranging from the exit of the mold until the cutting-off point is called secondary cooling
zone (SCZ), where the strand surface is intensively cooled by water(-air) spray-nozzles. The
SCZ is subcategorized into the bending zone, the curved section and the straightening zone.
Bending and straightening transfer the strand from the vertical direction at the exit of the mold
to the horizontal direction at the end of the continuous casting machine. Bending and
straightening are continuously performed in various points of the caster in order to reduce the
occuring strain and strain rates. When the center of the strand is completely solidified the
billet/bloom/slab is cut off, according to the desired length for further processing. The distance
between the meniscus and the final solidification point is called “metallurgical length”. The
precise knowledge of the metallurgical length is of major importance for the position of a

softreduction or final electromagnetic stirrer in order to improve the internal soundness.

During the casting process, significant mechanical stresses are exerted on the solidifying
strand resulting from bulging, bending/straightening, thermal gradients, as well as from
possible misalignment of the supporting rolls. In combination with the decreased ductility of
steel in specific high-temperature regions, the mechanical loads may seriously affect the final
product quality with respect to crack formation. Depending on the position, internal and surface

cracks are distinguished as shown in Figure 4.
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The ductility of steel as a function of temperature is plotted in Figure 5 according to Thomas
et al. [60] and Brimacombe [61]. Internal cracks are mainly hot tears and hot tear segregations
formed during solidification close to Ts (Region I), see also Chapter 2.1.3.3. Surface cracks
occur at temperatures within secondary ductility trough (600 °C to 1200 °C [60,62]) and are
associated with (i) pinning effects and actions of precipitates at the austenite grain boundaries
(Region Il and Ill,) or solid state phase transformations (Region IV and V) in the austenite/ferrite
two-phase region. [60] Recently, Krobath et al. [63] emphasized (iii) the relevance of selective

grain boundary oxidation on the surface crack formation in the casting process.

In the continuous casting process, higher amounts of phosphorus mainly affect the internal
quality due to the strong segregation tendency during solidification. The segregations on
microscopic scale may lead to inhomogeneities on macroscopic scale (centerline
segregations) and generally increase the hot tearing sensitivity of a steel. Quality relevant
issues, with respect to segregations and hot tearing induced by phosphorus, will be now

discussed in the following sections.

LllL“c W
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= Submerged e zzle
Submerged entry nozzle

Meniscus

Liquid
pool
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cooling -
Solidifying

shell Cutoff point
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Figure 4: Schematic layout of a continuous slab caster for steel (reprinted by permission from Elsevier
[59]) and cracks found in continuously cast steel according to Brimacombe [62]: Internal cracks (1
midway, 2 triple-point, 3 centreline, 4 diagonal, 5 bending/straightening, 6 pinch roll) and surface cracks

(7 longitudinal mid-face, 8 longitudinal corner, 9, transverse mid-face, 10 transverse corner, 11 star).
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Figure 5: Ductility of steel as a function of temperature, redrawn from the work of Thomas et al. [60]

and Brimacombe [61] (adapted by permission from Springer Nature [61]).

2.1.3.2 Segregation of phosphorus on microscopic scale

During solidification of steel, alloying elements show a different solubility in the liquid and
the solid phase. In general, the solubility of an element is lower in the solid, leading to an
enrichment of the component in the melt. Under equilibrium conditions, the solute redistribution
is given by the equilibrium partition coefficient k = Cs/C., where Cs is the concentration of the
component in the solid phase and C. defines the amount in the liquid phase, respectively. The
smaller the ratio of Cs to Ci, the higher is the tendency of the element to segregate in the liquid.
The value of k for an element X is closely related to the Fe-X binary phase diagram; its
calculation is schematically illustrated in Figure 6. The initial concentration Co is considered to
be 0.30 mass percent. By reaching the liquidus temperature T, the first fraction of the solid
phase forms. During further cooling, Cs and C, follow the course of the solidus and liquidus
line. Hence, k can be calculated at each temperature from T to Ts in the liquid/solid two-phase
region. In the present example, k is calculated at T+ - T3 by 0.34. If both phase boundaries are
linear, the value of k is more or less constant over the whole solidification interval. However,
in reality k is slightly depending on temperature as all phase diagrams show a certain curvature

of the liquidus or solidus line.
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In case of solidification in the Fe-C diagram, two separated partition coefficients of an element
have to be defined between ferrite/liquid and austenite/liquid. In general, the relation k® > kY is
valid for ferrite stabilizing element and vice versa. [45] Strongly segregating elements in steel
are sulphur, boron and also phosphorus. For example, the partition coefficient of S between
ferrite/liquid is 0.02 [64] and between austenite/liquid 0.05 [64]. On the other hand, Cr and Ni

show a high solubility in Fe and their partition coefficients (k% k) are close to 1 [64].
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Figure 6: Schematic calculation of the partition coefficient k = Cs/CL from the phase diagram depending

on temperature.

Detailed discussion on the partition coefficient of P was reported in experimental work [45,65—
67] and theoretical analysis [68,69]. The topic on partition coefficients was frequently studied
using zone melting [70] related techniques. Smith and Rutherford [65] applied floating zone
experiments using pre-purified Fe. The suggested value of ke is in the range 0.20 - 0.50; a
further phase diagram analysis resulted in ke = 0.27. Classical zone melting trials were
conducted by Fischer at al. [66] and later, by Fischer and Frye [67]. It is evident from the Fe-P
phase diagram in Figure 1, that during melting/solidification of Fe-P alloys, the liquid phase is
in equilibrium with ferrite. Hence, their determined values of ke® = 0.18 [66] and kp® = 0.16 *

0.04 [67] are only valid for ferrite/liquid equilibrium and a value for keY could not be proposed.

Nakamura and Esaka [71] as well as Morita and Tanaka [45] used the equilibration concept in
which the coexistence of liquid and solid, a selected experimental temperature results in a
separation of P, according to the Fe-P phase diagram. After isothermal holding, the sample
was rapidly cooled in a quenching medium to freeze the high-temperature phases. Finally, the

chemical composition along the microstructure was determined by analytical methods. In order
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to characterize the partition coefficient of P for both phases, ferrite and austenite, the
experiments were carried out for Fe-P and Fe-C-P alloys. The addition of carbon leads to the
stabilization of y-Fe in the peritectic range of the Fe-C-P ternary system (Chapter 2.1.2.2) and
enables the analysis of the P distribution in the y-Fe/liquid phase equilibrium. Nakamura and
Esaka [71] proposed values for kp® = 0.23 and ke¥ = 0.13; the influence of C on the individual
values of kp®Y was reported to be very small. Morita and Tanaka [45] obtained a constant
partition of kp® = 0.136 at infinite dilution, but suggested the temperature relation ke® = 0.643 -
2.80 x 10T [K] between 1460 - 1132 °C as their determined value of ke® indicated a non-linear
decrease of the liquidus and solidus line. In highly C and P alloyed ternary samples with 2.08
- 3.93 mass pct. C and fixed P content of 0.50 mass pct. the partition coefficient kp¥ was
measured by 0.09. The value at infinite dilution was thermodynamically recalculated
considering the experimental results and finally proposed as k¥ = 0.06. Similar to the work of

Nakamura and Esaka [71] addition of C seems to have only a minor effect on kp".

In a theoretical work on the metallurgical fundamentals of solidification of steel, Oeters et al.
[68] suggested a value of ke in ferrite of 0.15 - 0.18. Battle and Pehlke [69] thermodynamically
derived the partition coefficient of P between ferrite and liquid considering the first consistent
description of the Fe-P system by Spencer and Kubaschewski [72]. The partition coefficient
for ferrite, with respect to mole fraction, is given by kp® = -24.90 + 4.808 x 102 T [K] - 3.018 x
105 T2 [K] + 0.62 x 10°® T3 [K] and is valid in the temperature range of 1132 - 1538 °C

The literature data are summarized in Table 4. The low partition coefficients of phosphorus for
ferrite (ke® = 0.136 - 0.27) and austenite (ke¥ = 0.06 - 0.13) indicate that P strongly segregates
during solidification of steel. Though the absolute values for kp® and kg" are slightly different in
all publications the ratio of ke’/kp¥ ~ 2 is nearly constant. As kg® is larger than kg, it can be

concluded, that the enrichment of P in the melt is enhanced during freezing of austenite.

Table 4: Selected experimental data of the partition coefficient of P for 6-Fe and y-Fe. [45,65-67,71]

Smith/Rutherford  Fischer et al. Fischer/ Frye = Nakamura/Esaka Morita/Tanaka

[65] [66] [67] [71] [45]
ke® 0.2-0.5Y 0.18 0.16 £ 0.04 0.23 0.136%

0.27? 0.153-0.242 %
ke¥ - - - 0.13 0.063)

D experiment; 2 phase diagram analysis; % infinite dilution; ¥ 2.31 - 8.99 mass pct. P
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In equilibrium solidification, the concentration of an alloying element in the liquid phase (C.)

can be calculated from the initial concentration (Co) by the Lever-Rule (Equation 1).
CL=Co[1—fs(1-1]7* (1)

Here, fs denotes the solid fraction which continuously increases from 0 at T, to 1 at Ts. Using
the partition coefficients in Table 4, the calculated enrichment of P in the liquid phase is plotted
in Figure 7 for Co = 0.10 %P. Depending on the used value for ke, the concentration of
phosphorus at the final stage of solidification varies between 0.37 - 0.73 %P for ferrite and may
even exceed values of 1.6 %P in case of austenite. However, as infinite time for complete
diffusion equalization is considered in the Lever-Rule, the concentration gradients will be
reduced to Co again in the complete solid state.

20 y T T T T T T T

Calculated enrichment of P in liguid {equilibrium)
Initial composition = 0.10 mass pet. P
Ferrite
16 —o— Morita and Tanaka (1986)

. Fischer and Frye (1970}
—— Fischer et al. (1960)
| ==&=Nakamura and Esaka (1981)
—x— Smith and Rutherford (1957)
Austenite
1.2 | —a—Nakamura and Esaka (1981)
—a— Morita and Tanaka (1986)

Concentration of P in liquid C [%]

0.0 0.2 0.4 0.6 0.8 1.0
solid fraction fg [-]

Figure 7: Calculated enrichment of P in the liquid phase during solidification in ferrite and austenite

structure (equilibrium conditions).

In continuous casting of steel, the diffusion of alloying elements is limited due to the finite
process time. As a consequence, solidification takes place under non-equilibrium conditions
leading to an interdendritic accumulation of alloying elements higher than predicted by the
Lever-Rule. This phenomenon is known as microsegregation, where chemical
inhomogeneities still exist along the dendritic microstructure; even after the solidification is
completed. The typical appearance of C, Mn and P microsegregation in a continously cast slab
(800 mm widht x 100 mm thickness) is shown in Figure 8 [73]. The concentration was
measured by electron probe microanalysis (EPMA) and the addition of 0.01, 0.097 and 0.197
% P to the basic alloying concept of 0.10%C, 0.16 %Si, 0.60 %Mn and 0.003 %S was studied.
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The samples were taken from the center of the wide face at a quarter thickness (25 mm). The
enrichment of Mn and P optically visualizes the primary dendritic microstructure: The depleted
zones correspond to the axis of the dendrites, the enriched parts with high concentrations of
Mn and P to the interdendritic spaces last to solidify. The maximum content of phosphorus
detected for the 0.097 %P steel grade is 0.50 %. The absolute segregation level raises with
increasing amount of P (0.197 mass pct.) and favors the formation of phosphides (indicated
by the small dots with very high P content). Further, the interaction between Mn and P
segregation is clearly visible in Figure 8. At low P content (0.01 %), the Mn segregation line is
strongly pronounced, whereas in case of 0.097 %P and 0.197 %P, manganese is finely
dispersed and forms MnS inclusions. This effect may be assigned to (i) the MnS formation,
which reduces the Mn concentration intensities in the interdendritic regions and (ii) the
stabilization of ferrite by adding phosphorus results in a possible change in the phase

transformation sequence and a different segregation behaviour. [73]
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Figure 8: EPMA mapping of microsegregation of a continuously casted slab with basic composition of
0.10 %C, 0.16 %Si, 0.60 %Mn and 0.003 %S. The intensity of C is given in arbitrary unit, the
concentrations of Mn and P in mass pct. (a) 0.01 %P, (b) 0.097 %P and (c) 0.197 %P. [73]
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In the past, various mathematical approaches of microsegregation modelling have been
postulated in the literature, e.g. [74—80]. The most popular analytical equation is the well known
Gulliver-Scheil model [74,75]; given in the original form in Equation 2. This equation assumes
infinite diffusion in the liquid phase, but negligible diffusion in the solid state. For steel, the
application of the Gulliver-Scheil equation is limited, as interstitially dissolved carbon and
nitrogen are fast diffusing elements in the solid. The model was therefore modified in several
research work of Kozeschnik et al. [81,82] and Chen and Sundman [83] in terms of “partial
equilibrium considering thermodynamic equilibrium conditions for C and N, but no diffusion for

substitutional elements, e.g. Si, Mn, P and S.
Cp = Co[1 — fg] &V (2)

In other models, the general concept of “back-diffusion” was introduced [76—78] where the
solute redistribution is described by (i) the local cooling conditions, or cooling rates T, (ii) the
morphology of the dendrites, (iii) the coarsening of dendrites during solidification, (iv) the
diffusivity of the alloying elements and (v) thermodynamic equilibrium at the solid/liquid
interface defined by the partition coefficient. The solidification parameters are connected in the

dimensionless Fourier-Number a in Equation 3,

_ Dst _ 4Dsty

L2 = A% (3)

where Ds is the diffusion coefficient of the alloying element and t; is the local solidification time
given by (T. - Ts)/T". The characteristic diffusion length is defined by the half of the secondary
dendrite arm spacing (A2). According to Ohnaka [78], the concentration in the liquid phase can

be calculated using Equation 4,

Cp = Co[1 — I'fg]k-D/T (4)
where I is defined by Equation 5 as

I'=1-pk/(1+Bk) (5)

The backdiffusion parameter 3 = 2a is valid for a plate-like shape of the dendrites whereas for
columnar dendritic growth B = 4a is applied. The Ohnaka model reduces the Lever-Rule if

a — < and is equal to the Gulliver-Scheil equation if a — 0.

In the following sections, all illustrating microsegregation calculations were performed using
the model published in Paper V (Chapter 4.4) taking the example of the 0.10%C-0.16%Si-
0.60%-0.003%S alloying concept in Figure 8 [73] as a reference.
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In Figure 9, the calculated P-enrichments during solidification of the 0.10%C-0.16%Si-0.60%-
0.003%S-P steels are graphically represented using the Lever-Rule and the modified Ohnaka
equation [84]. In the microsegregation model, a cooling rate of 1 °C/s was assumed. Less
difference between both equations is obtained for the low-P concept (0.01%P). The
concentration of P at fs = 1 in equilibrium solidification is 0.0623 % and slightly increases to
0.0912 % by defining a cooling rate of 1 °C/s. However, for the rephosphorized steel concepts
with 0.097 %P and 0.197 %P, clear deviations are observed between both equations:
Considering the solidification kinetics, the P content at the final stage of solidification is nearly
doubled and exceeds 1 % for Co = 0.097 % and 2.5 % for initial P content of 0.197 %.
Compared with the experimental data in Figure 8, the calculated values of the P enrichment
are significantly higher. However, it is challenging to quantify the real microsegregation
concentration in the solidifying shell due to the high diffusion rate in the solid during further
cooling from solidus to ambient temperature. [85] Hence, the actual segregation of P may

significantly exceed the measured value from the casting machine.
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Figure 9: Enrichment of phosphorus in interdendritic liquid for a 0.10%C-0.16%Si-0.60%Mn-0.003%S
steel with different initial P content (0.01, 0.097 and 0.197 %P).

The influence of the carbon content on the segregation tendency of phosphorus is shown in
Figure 10 (a). The calculations were performed for the three 0.16%Si-0.60%Mn-0.003%S-P
steels [73] as well as for a Fe-C-0.04%P alloy for comparison with the work of Wolf and Kurz
[85]. For all alloys, the plot in Figure 10 (a) indicates a similar trendline of the P-segregation:
At higher amounts of C the enrichment of phosphorus at final stage of solidification is much

more pronounced than in the low-C region. This fact may be explained by the reasons:
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o Solidification sequence: Left to ca, freezing of ferrite takes place; whereas right to ca, the

solidification during the peritectic reaction is controlled by austenite [84,86]. According to
Table 4, the lower value of ke¥ compared to ke® leads to an abrupt increase of the P-
enrichment close to ca. Further increase of carbon favors the complete change to the y-Fe
type solidification.

¢ Diffusion and solidification temperatures: In contrast to interstitial elements, like carbon, P

is a slowly diffusing element in steel, see Figure 10 (b). In the body centered cubic crystal
lattice of 6-Fe, phosphorus shows a significantly higher mobility than in the face centered
cubic y-Fe phase. Hence, the P-microsegregation is further intensified if y-Fe is stable
during solidification. At C > 0.20 mass pct. the enrichment of P continuously raises due to
the lower solidification temperatures and the temperature dependence of the diffusion

coefficient itself.
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Figure 10: Influence of carbon content on the enrichment of phosphorus in a 0.16%Si-0.60%Mn-
0.003%S steel with different initial content of P (0.01, 0.097 and 0.197 %P) and for a Fe-C-0.04%P alloy
in comparison with calculation of Wolf and Kurz [85] (a). Diffusion coefficients of C and P in austenite

and ferrite depending on temperature taken from the work of Ueshima et al. [79] (b).

Until this point, microsegregation was discussed only from a viewpoint of the interdendritic
enrichment itself and the change of the chemical concentration during solidification. However,
the enhanced segregation tendency of phosphorus under non-equilibrium conditions leads
also to a drop of the real solidus temperature, shown in Figure 11 (a). Taking again the
example of the 0.10%C-0.16%Si-0.60%Mn-0.003%S-P steels [73], the calculated values of Ts
(Lever-Rule) and Ts (1 °C/s) are represented in Figure 11 (b). In case of the low-P concept
(0.01%P) both temperatures are nearly identical (ATs = 3 °C) but for the rephosphorized steels
ATs exceeds 30 °C (0.097%P) or even 40 °C for the 0.197%P steel. Hence, microsegregation
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phenomena can not be ignored in accurate solidification modelling of highly P-alloyed steel
grades and play an important role in the theory of hot tear formation as will be explained in the

next chapter.
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Figure 11: Schematic representation of the influence of microsegregation (non-equilibrium conditions)
on the real solidus temperature of an alloy (a) and difference of Ts calculated with the Lever-Rule and
the modified Ohnaka equation [84] for the 0.10%C-0.16%Si-0.60%Mn-0.003%S steel grade in reference
[73] (b).

2.1.3.3 Influence of phosphorus on hot tear formation

The term “hot tear” (HT) summarizes cracks which are formed during solidification of steel
along the interdendritic paths and the primary grain boundaries. According to C. Bernhard [87],
hot tears in the continuous casting process occur due to an overcritical amount of tensile strain
in perpendicular direction to the solidifying dendritic microstructure. A precondition for the HT
initiation is a columnar dendritic morphology; whereas coarse equiaxed grains increase the

resistance to further hot tear propagation. [88]

In the present work, the mechanism of hot tearing in steel is briefly explained based on Pellini's
popular “Strain theory of hot tearing” [89] in Figure 12 (a). In general, this theory correlates the
phenomenon of hot tearing with microsegregation processes close to the non-equilibrium
solidus temperature. At very high solid fraction, the solidifying steel reaches the film stage,
where small fractions of residual liquid are still present along the primary grain boundaries.
The hot tear sensitivity is directly influenced by the amount of strain which is initiated at the
film stage. This means that a high strain rate resulting from the mechanical stresses as well as
a long life time of the films will increase the hot tear sensivity. The strain rate depends on the
casting process parameters (secondary cooling, casting speed, ...;) whereas the existence of

liquid films is strongly influenced by the chemical composition. As shown in the previous
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Chapter 2.1.3.2, the presence of phosphorus leads to a drop of Ts and a stabilization of
segregated films below the equilibrium solidus temperature. As a consequence, the life time
of the films is largely increased. If the accumulated strain at the film stage is close to a critical
value, pre-stages of hot tears, so called “hot tear segregations” (HTS) are formed. With
increasing strain, the coalescence of pores may lead to open hot tears. Figure 12 (b)
exemplarically shows concentration mappings of the defect pattern of HTS and HTS with initial
pore formation. The micrographs were taken from internal research at the Chair of Ferrous
Metallurgy (Montanuniversitaet Leoben) using an in-situ hot tensile test during solidification.

The results were partly published by Reiter et al. [90,91] using EPMA.
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Figure 12: Strain theory of hot tearing according to Pellini [89] (a); the figure was taken from the work
of Pierer [88]. Concentration mappings of Si, Mn and P close to/within hot tear segregations obtained in
an in-situ hot tensile test at laboratory scale using EPMA (b) the figure was created from internal
research at the Chair of Ferrous Metallurgy, Montauniversitaet Leoben; partly published by Reiter et al.
[90,91].

Pierer [88] defined the temperature range ATsa, within which the liquid films are able to
accumulate the tensile strain, between fs = 0.96 and fs = 1. The influence of phosphorus on
ATsa of the 0.10%C-0.16%Si-0.60%Mn-0.003%S-P steels [73] is plotted in Figure 13 as a
function of the C content. Again, additional calculations for a Fe-C-0.04%P alloy are
qualitatively compared with the results of Wolf and Kurz [85]. The high value of ATsa of P-
containing high carbon steels represents a main aspect for the higher HT/HTS sensitivity
compared to steels with low amount of C. [85,92,93] At a fixed carbon content of 0.10%C, ATsa
in Figure 13 raises from 9 °C in the low P-concept (0.01 %P) to a maximum value of 45 °C in
case of Co = 0.197 %P. Considering typical continuous slab casting conditions with a cooling

rate of 1 °C/s and a casting speed of 1.2 m/min, the critical temperature range exists for 9 s

PhD thesis Michael Bernhard 24



STATE OF THE ART

and 45 s, respectively, and may accumulate tensile strains over a distance of 0.18 m (0.01
%P) and 0.90 m (0.197 %P) in the casting machine. Hence, even at low amount of 0.10 %C,
the distance of strain accumulation is more than five times higher in casting rephosphorized
steel grades.
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Figure 13: Influence of phosphorus on the critical temperature range of hot tearing depending on the
carbon content. Case 1: 0.10%C-0.16%Si-0.60%Mn-0.003%S. Case 2: Fe-C-0.04%P along with

calculations of Wolf and Kurz [85].

2.2 Computer coupling of phase diagrams and thermochemistry

The following sections deal with the fundamentals of computational thermodynamics. The
first part demonstrates the CALPHAD-type optimization procedure of binary and ternary
systems and highlights the key issues in developing thermodynamic databases for
multicomponent alloys. The second part summarizes the mathematical formulations of the
Gibbs-energy equations for solutions and compounds, which were used in the framework of
developing databases for the Fe-P and Fe-C-P systems in previous work and the present
study. Finally, selected applications of a CALPHAD-based software to the continuous casting

process will be be presented.
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2.2.1 Computational thermodynamics: The CALPHAD approach

New innovations in recent steel design and the successful control of advanced steelmaking
processes require accurate thermodynamic data: In the past decades, extensive experimental
research of phase diagrams, phase transformations and thermodynamic properties in
multicomponent steel alloys has been carried out. Experiments - on laboratory or industrial
scale - are the key for developing a fundamental understanding of the material behavior under
real process conditions. However, experiments are time consuming and cost-intensive and
reliable data are often available only in limited alloying ranges. With the advances in the
computer technology, the idea of computer aided thermodynamic calculations was therefore
born. 50 years ago, Kaufmann and Bernstein [94] introduced the CALPHAD (CALculation of
PHAse Diagrams) approach; originally intended to perform phase diagram calculations.
Nowadays, this concept is widely used in the field of Integrated Computational Materials
Engineering (ICME) [95-97] enabling the calculation of a large variety of data, involving phase
equilibria, chemical activities and calorimetric functions (H, Cp, ...), from a self-consistent set
of Gibbs energy parameters of the alloying system. [98] These model parameters (see
Chapter 2.2.2) are typically stored in thermodynamic database files. The great advantage of
CALPHAD-type databases is their possible extrapolation to higher-order multicomponent
systems as well as to provide detailed information on thermodynamic properties and phase
equilibria over the whole composition range of steel. For that purpose, various commercial
thermochemical software packages with comprehensive databases are available, e.g.
FactSage [28], MatCalc [99], MTDATA [100], Pandat [101] and ThermoCalc [102]. Recently,
OpenCalphad [103] and PyCalphad [104] were developed in the framework of open-source
software projects. Due to the general nature of the CALPHAD method, the terms
‘computational thermodynamics” or “computational thermochemistry” were established.
[98,105]

For schematic illustration, the development of a CALPHAD-type database for five components
is graphically represented in Figure 14. [105-108]. Typically, one begins with the
implementation of the Gibbs energy descriptions of the pure components which are listed as
functions of temperature and pressure in the work of Dinsdale [109]. These data are universally
accepted in the scientific community and considered as standard reference data for the unary
phases. The actual database work starts by modelling binary, ternary and rarely, quaternary
subsystems. This procedure is known as “assessment” or “optimization” of the phase diagram,
meaning more or less, that the Gibbs energy model parameters of the stable phases are
adjusted with respect to the available experimental data. The number of constituent

subsystems which have to be considered in the optimization of an n-component system is

PhD thesis Michael Bernhard 26



STATE OF THE ART

defined by the binomial coefficient (Z) where k is the number of components in the

subsystems. [110] Hence, a database for five components consists of ten binary, ten ternary
and five quaternary systems. It is evident that the number of subsystems rapidly increases with
the amount of components in the system, e.g. 45 binaries, 120 ternaries and 210 quaternaries
in the presence of ten components. However, alloying elements are often added in very small
amounts or are present only as trace element. In this case, accurate thermodynamic
description in the multicomponent system can be achieved by including only the contribution
of the binary phase diagram. Further, the most dominating element in steel is Fe; in order to
develop a database for steel, it is sufficient to only consider ternary systems with Fe as a
component. As a consequence, the required thermodynamic assessments are significantly
reduced, if the alloy is mainly based on one specific component. Quaternary terms are rarely
included as (i) their effect on calculations in multicomponent systems is mostly small and (ii) a
large number of higher-order parameters typically indicate that the thermodynamic model is

not well suited for describing the phase.
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Figure 14: Schematic illustration of the CALPHAD approach to assess phase diagrams and the
development of CALPHAD-type databases; according to National Institute of Standards and Technology
(NIST) [1086], Scientific Group Thermodata Europe (SGTE) [107] and references [105,108].
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The classical way of assessing a binary or ternary system can be summarized as follows [111].

Part | (Literature study): The optimization starts with the literature survey of all available

crystallographic information and experimental data. There exist a large number of techniques
to study phase diagrams and thermodynamic relations in alloys, e.g. thermal analysis and
metallography to identify phase stabilities, or, on the other hand, galvanic cells and vapor
pressure measurements to obtain chemical potential data. The first part builds the most crucial
step in developing a high quality database as the final calculation results will strongly depend
on the underlying experimental datasets. Hence, one has to critically evaluate the data

concerning reliability. To this, Kattner [112] pointed out the following criteria:

e Purity of the starting materials and sample preparation,

e reactions of the sample with the environment (evaporation, reaction with the crucible),

o quality of the reference sample and the calibration of the instruments used,

e analysis of the results and accurate documentation (numerical values and error bars) and
o use of originally measured data only; derived data may include errors due to interpretation

or conversion. [113]

Besides experiments, computational results obtained from first-principle quantum mechanics
based on the density functional theory (DFT) have been frequently implemented in the
CALPHAD approach [114-116]. DFT data are often used to describe enthalpies of formation
of end-members in the compound energy formulation (CEF) model (Chapter 2.2.2). Such

enthalpy values are generally hypothetical and cannot be validated experimentally.

Part Il (Selection of thermodynamic models): Experimental information and crystal structure

data enable a proper selection of the thermodynamic model for each phase. In general, the
description should be kept as simple as possible but it has to be noted that the more suitable

the model choice, the more accurate is the extrapolation to higher-order systems. [111]

Part Il (Optimization of the model parameters): It is evident that for hundreds of experimental

data, the manual optimization by trial-and-error procedure means often great work effort and
requires high expertise in selecting the relevant parameter sets. For complex systems and a
high number of experimental data various programs were developed in the scientific
community based on least-square methods [117], Levenberg-Marquardt method [118] or
Bayesian estimation approach [119]. [110] The most important software tools are BINGSS
[105,120], ESPEI [121], OptiSage [28] and the PARROT module [105,122].

Part IV (Database management): By storing all Gibbs energy parameters in the database file,

several thousands of lines are created. In order to guarantee a detailed overview of the used

sources, a precise documentation has to be included in the data file. Within updating the
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database with new thermodynamic information, one has to consider the influence of a selected
subsystem on the thermodynamic description of the multicomponent system. For example, if
a binary phase diagram A-B is updated, the adjustment will influence all other ternary systems

containing the A-B system.

Part V (Applications in science and technology): A recent review on the way from database

development to virtual steelmaking process simulations (e.g. dephosphorization of hot metal
in the basic oxygen furnace, degassing processes and reoxidation in the continuous casting
process) using the FactSage thermochemical software [28] was given by Jung and van Ende
[123]. With respect to continuous casting, the MatCalc tool [99] provides a large variety of
options to predict precipitation formation in the solid state in processing of micro-alloyed steels
[124-126]. An application of a CALPHAD-based software to solidification simulation and

quality prediction in the continuous casting process is also content of Chapter 2.2.3.
2.2.2 Thermodynamic modelling of solutions

The general form of the Gibbs energy G of a phase 8 per mole of components (subscript m)
is given by Equation 6 [105,127],

G = G+ GpP™® — TSRO 4 GO (6)

where Gg;srf = x;G; is the “surface” Gibbs energy representing the mechanical mixture of the

the pure components in the phase; x; = ni/n is the mole fraction of the component /. Gg;phys is

the contribution to the Gibbs energy by other physical phenomena, e.g. the magnetic transition

in Fe [105]. The configurational entropy S&:c°™

of a phase, results from statistical
thermodynamics and defines the possible positions of the constituents in the phase according

to the Boltzmann equation S = R/Naln(W). Using Stirling’s formula the configurational entropy

is expressed as S = -RZxilnxi. [105] The term G?r;E is the excess Gibbs energy and corresponds,
more or less, to the difference between the real Gibbs energy and the summation of the first
three parts. [105,128]

The excess term GXF is the actual parameter optimized in the CALPHAD-type thermodynamic
assessments of phase diagrams. In general, the more accurate the model selection for a
phase, the less excess parameters will be required to guarantee accurate calculation results.
The various thermodynamic models used in modelling work of the Fe-P and Fe-C-P systems

will be explained in the following sections.
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2.2.21 Gibbs-energy of pure elements and stoichiometric compounds

Pure elements and stoichiometric compounds (STCO) are phases with a fixed composition
over their whole stability range. The Gibbs energy is therefore not depending on the
composition, but on temperature and pressure. However, in thermodynamic modelling of steel
alloys, the pressure is typically considered to be equal to the atmospheric pressure and is kept
constant at 1 atm. The Gibbs energies of pure elements and STCO are of frequently formulated

as a power series in temperature as given in Equation 7 [105]
G — XibHPER = ay +a; T + a,TIn(T) + a3T? + a, T2 +agT3 + - (7)

Here, b; is the stoichiometric coefficient of a component i in the phase 6. As the Gibbs energy
is typically referenced to a standard state of 298.15 K (25 °C) and 1 bar, the sum }; b;HSER
introduces the enthalpies in the “standard element reference (SER) state”. The Gibbs energies
of pure elements as function of temperature (and pressure) and in various stable crystal

structures are summarized in the classic work of Dinsdale [109].

A vast number of calorimetric studies on STCO is available from literature for Fe-based
systems. The experimental data generally include (i) the enthalpy of formation of the
compounds (AHf) at selected temperatures, (ii) the heat capacities c, depending on
temperatures and (iii) the Gibbs energies of formation AGs derived from measurements of
chemical reactions, e.g. vapor pressure measurements by Knudsen effusion cells [129]. In
modelling the Gibbs energy of STCO, the data can be directly used according to Equation 8

considering the typical occuring experimental erros.
f T T
Gm = AHz9g45 + f298.15 cpdT =T [5298.15 + f298.15(cp/T)dT] (8)

AH!og < is the standard enthalpy of formation at 298.15 K (25 °C), ce the heat capacity over

temperature and S,qg 15 the standard entropy at 25 °C.
2.2.2.2 Bragg-Williams (BW) model and compound-energy formalism (CEF)

The single-lattice Bragg-Williams (BW) model assumes random mixing of the components
in the unit cell and hence the probability of occupying the sites is identical for all components.

The Gibbs energy for a multicomponent system is given by Equation 9
Gm = 2iLq XiG; + RT YL, x;In(x;) + GE] + GI;;lhys o

In the substitutional solution, the excess Gibbs energy is directly linked to the possible
interaction of the components. Hence, in a binary solution, the GE, term is depending on the

respective mole fractions, given by Equation 10
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G = XI5 Xikisr XixjLi; (10)
L;; are the binary Redlich-Kister polynomials [130], see following Equation 11:

Ly = X% o(x; — Xj)v VL (11)
where "L;; is linearly depending on T (Equation 12):

YL = Yajj + 'byT (12)
Similar applies for the ternary interaction terms in Equation 13 [105]

Gin = X575k 1 ZRejer XiXjXicLiji (13)

with the composition dependend ternary excess parameters, as for example suggested by
Hillert [131] in Equation 14 (a) - (b):

Lijk =Vj iLi]'k + Vj ]Lijk + Vi kLi]'k (143)
Vijk = Xijk + (1 — X — %) — x)/3 (14b)

For steel, the liquid phase is often modelled by the BW-model. However, the single-lattice BW-
model is limited for the y-Fe and a/6-Fe solid solutions as small elements like C and N occupy
the interstitial sites. Hence, the compound-energy formalism (CEF) [132] is typically used to
describe the thermodynamic properties of austenite and ferrite. Considering a ternary solution,
where A and B are located on the substitutional sublattice and C and Va (vacancies) occupy
the interstital sites, noted by (A,B)«(C,Va),the Gibbs energy is given by Equation 15. The

stoichiometric coefficients are a = b = 1 for austenite and a = 1 and b = 3 for ferrite.
Gm = YAYvaGava +YaYc Ga:c + YYvaGeva + YBYc Gaic
+aRT(yalny, + yglnyg) + bRT(ycInye + yyalnyy,

r_r__rr r__r__r r_r__rr__r1 h
+ Xk ViV Vi Lijik + 2 YY1V Licij + Zijr1 Vivivieyi Lijict + G (15)
In Equation 15, y; is the site fraction, defined by y; = n®/n® and gives the constituent fraction
of i on the sublattice s. L;;i and Ly;; are the interaction energies between j and j if the other
sublattice is solely occupied by k, whereas L;;y, is the reciprocal parameter describing the
interaction among /, j, k, and . The term G;; is the Gibbs energy of an “end-member” (ij for
ferrite and ij; for austenite): All elements are stable in a specific crystal structure, e.g. bcc and
fcc in case of Fe, but show also a certain solubility in a different phases, e.g. P in fcc and bcc
structure. The Gibbs energies of end-members of pure elements Gava or Gg.va in various

crystal structures are called ‘lattice stabilities” and are summarized in the work of Dinsdale

together. On the other hand, the end-members Ga.c and Ggc in the CEF are often hypothetical
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values, where the second sublattice is fully occupied by the component C. For these values,
experimental data are rarely available and are often calculated by atomistic modelling
approaches. The Gibbs-energy of an end-member is given similarly to Equation 7. If no
measured heat capacity is found in literature, only two coefficients are considered according

to Equation 16. In this case the heat capacity is taken from the values of pure elements. [105]
Gm — Zi biHiSER = dq + alT (16)

The CEF is the actual extension of the substitutional model to various sublattices and reduces
to the BW-model if only one sublattice is occupied by constituents. [132] It represents a more

general mathematic approach to include substitutional and interstitial solutions. [127]
2.2.2.3 Modified quasichemical model (MQM) for short-range ordering (SRO)

Short-range-ordering (SRO) describes a local ordering phenomenon on distances close to
the atomic spacings due to energetically favorable configurations of specific atomic pairs. [133]
According to Pelton and Kang [134], SRO in a solution is characterized by a negative “V-
shaped” course in the enthalpy of mixing and a “M-shaped” entropy of mixing. The modified
quasichemical model (MQM) in the pair-approximation [135,136] enables to take into account
strong SRO effects exhibited in the liquid phase of Fe-based systems. Briefly summarized, the

model considers the exchange reaction of pairs on the site of a quasi-lattice (Equation 17).
(A—A)+ (B—B) =2(A—B); Agas (17)

(i) corresponds to the first nearest neighbor pair and Agas represents the non-configurational
Gibbs free energy change forming two moles of (i-j) pairs. For a detailed mathematical
description of the MQM [135,136], the author likes to refer to Paper Il. Remarkable success
was achieved using the MQM for liquid metallic solutions with respect to steel, e.g. Fe-Si[137],
Fe-B [138], Fe-C-Mn and Fe-Mn-Al [139], Fe-C-Cu [140], Fe-C-Mn-S subsystems [141-143],
Fe-Ni-S [144,145] or Mn-Si-C [146].

Maximum SRO composition and partial enthalpies of mixing: Based on outcomings from

extensive modelling work of the FactSage group, this chapter emphasizes numerous
advantages of the MQM compared to BW-models. Specific results for the Fe-P and Fe-C-P
system will be discussed in Chapter 4.2 and can be found in Paper Il. Taking the example of
the binary Fe-B [138,147] and Mn-C [146,148] systems, the calculated integral and partial
enthalpies of the liquid phase are plotted in Figure 15 and Figure 16 along with calorimetric
data from literature [149,150]. At low amounts of boron or carbon, respectively, the partial
enthalpies of mixing are independend on xg and xc, but show a sharp increase at a specific

chemical composition. This is an evidence of strong SRO between Fe and B, as well as
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between Mn and C [134]. The SRO tendency is somewhat less pronounced in the Fe-B liquid.
In the Fe-B liquid, the maximum SRO composition is close to the equimolar composition,
whereas for the Mn-C system, the abrupt change of AHw, and AHc occurs at xc ~ 0.33. The
advantage of the MQM for modelling the thermodynamic properties of the liquid phase is
clearly visible: (i) the general course of the partial enthalpies is much better reproduced than
using the BW-model and (ii) the MQM allows setting the maximum SRO to a specific
composition, see Figure 15 (a) and Figure 16 (a). In the BW-model, the reasonable modelling
of SRO is only possible by introducing several higher-order "Li]- parameters. However, an
accurate extrapolation to terminal compositions may still not be guarenteed by the BW-model

and could result in large errors of other calculated thermodynamic properties. [134]
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Figure 15: Calculated integral (a) and partial enthalpies (b) of mixing in the binary Fe-B system

[138,147] along with experimental data from literature [149].
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Figure 16: Calculated integral (a) and partial enthalpies (b) of mixing in the binary Mn-C system
[146,148] along with experimental data from literature [150].
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Binary phase diagrams and extrapolation to higher-order systems: As discussed in Chapter

2.2.1, a multicomponent database consists of unary data and thermodynamic assessments of
the binary and ternary systems. Considering the ternary Fe-C-Mn system, schematically
illustrated in Figure 17, the Fe-C and Mn-C liquid show strong SRO tendency. Less interaction
in the liquid exists in the Fe-Mn system, as Fe and Mn have similar physico-chemical behaviour
and can be found next to each other in the periodic table of elements. The more accurate the
description of the binary systems (Fe-C, Mn-C and Fe-Mn) is, the less model parameters will
be required to obtain reasonable thermodynamic properties in the ternary Fe-C-Mn system.
By comparing two thermodynamic descriptions of the Fe-C-Mn system using (i) the MQM for
the liquid phase as proposed by Kim and Kang [139] and (ii) the most recently published BW-
model of Djurovic et al. [148], the following number of excess terms are obtained: Eleven binary
and two ternary terms were required in the MQM [139] whereas eleven binary and four ternary
terms were used in the BW-model [148]. Though the total number in the binaries is similar, the
ternary terms are twice in the BW-model. Another important point is the possibility of a mixed
implementation of the MQM and BW-model into a multicomponent database, as demonstrated
by Pelton and Chartrand [136]. Extensive modelling of numerous binary subsystems has been
performed in the past using the BW-model. Modelling work is time consuming and if the novel
results do no significantly improve the calculations, it is often preferable to use the BW-model
with well validated calculations. However, it is not only the model description itself but also the
used extrapolation technique from a ternary composition to the binaries that will have
significant influence on the binary contributions. Various geometric extrapolations are available
from literature, e.g. Muggianu method [151], Kohler [152] or Toop [153] techniques. Figure 17
shows the “Kohler-model and “Kohler-Toop™model in symmetric and asymmetric versions,
respectively. In case of strong SRO, the two different options may result in very different
results, if the ternary composition is extrapolated closely to the steep increase/decrease of the
partial enthalpies in the binary systems. In such a case, the asymmetric “Kohler-Toop” method
as suggested by Pelton and Chartrand [136] gives more appropriate results for SRO by setting

C as asymmetric component.
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Figure 17: lllustration of the ,Kohler-type [152] extrapolation and comparison with “Kohler-Toop” [136]
method, setting C in the ternary Fe-C-Mn as “asymmetric” component and influence on selected

thermodynamic (partial enthalpies of mixing) properties obtained from the binaries.

2.2.2.4 Thermodynamic assessments of the Fe-P and Fe-C-P systems

Several thermodynamic descriptions and graphical phase diagram representations of the
binary Fe-P system have been published in the past. The first self-consistent set of
thermodynamic parameters was derived by Spencer and Kubaschewski [72] in 1978
considering all experimental data available at that time. Twelve years later, Gustafson [29]
reassessed the phase diagram particularly in the Fe-rich part within a thermodynamic
investigation on P-containing systems (C-Cu-Fe-P, Fe-Mo-P and Fe-Ni-P). In 1996, Shim et
al. [25] established the “standard reference work” on the binary Fe-P system: (i) overall phase
diagram data were used in the modelling procedure and (ii) most recently published
experimental data on Fe and P activities in the liquid phase, as well as calorimetric functions
of phosphides were taken into account and Until today, the Fe-P system of Shim et al. [25] is

widely accepted in the scientific community. A first approach to provide a thermodynamic
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description of the Fe-P system over the whole composition range (including FeP»> and FeP4)
was attempted by Ohtani et al. [24] incorporating computer-aided atomistic modelling results
into their thermodynamic analysis. Later, those data were also considered by Cao et al. [154].
Within the framework of developing a thermodynamic database for Fe-P-X multicomponent
alloys, Miettinen and Vassilev [26] slightly modified the thermodynamic parameters of Shim et
al. [25] with minor changes of the austenite and ferrite parameters, but kept the liquid phase
unchanged. In all mentioned thermodynamic descriptions, the random mixing model was
assumed for the liquid phase and the bcc and fcc solid solutions. In the attached Paper Il and
the optimization of You and Jung [27] the MQM was used in order to take into account the
strong SRO tendency in the liquid Fe-P phase. The solid phases were modeled by the random
mixing approach and the phosphides were treated as stoichiometric compounds. Both
publications were independently published within a close time frame. In the work of You and
Jung [27], the FeP. high-order phosphide was included which was not considered in the
modelling work of Paper Il. On the other hand, two different maximum SRO compositions were
tested in Paper Il and critically evaluated by extrapolating to the ternary Fe-C-P system.
Selected thermodynamic assessments along with the used models for the stable phases are

summarized in Table 5.

Table 5: Most recent thermodynamic optimizations of the Fe-P and Fe-C-P systems [24-27,30,154].

Phase Shim Ohtani Cao Miettinen You
[25,30] [24] [154] [26] [27]
Liquid BW BW BW BW MQM
(yFe) CEF BW BW BW CEF
(a/OFe) CEF BW BW BW CEF
FesP STCO CEF STCO CEF STCO
FeoP STCO CEF STCO CEF STCO
FeP STCO STCO STCO CEF STCO
FeP2 - STCO STCO - STCO
FeP4 - STCO STCO - -
P PURE PURE PURE PURE PURE
FesC STCO - - - -
C GRAPH - - - -
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2.2.3 Application of a CALPHAD-based tool to the continuous casting process

With particular respect to continuous casting, the “Interdendritic Solidification” (IDS) tool
[155,156], developed at Aalto University (Helsinki, Finland), is one of the most comprehensive
CALPHAD-based software packages. Briefly summarized, this thermodynamic-kinetic model
includes [155] (i) an intern thermodynamic database, (ii) a sophisticated microsegregation
model solving the thermodynamic equilibrium at the phase interface using chemical potential-
equality equations for each component, (iii) a semi-empirical austenite decomposition (ADC)
model to simulate the solid state phase transformations below 900 °C, (iv) a precipitation
module for micro-alloyed steels and (v) the possibility of calculating thermo-physical properties
(heat capacity, thermal conductivity, density, thermal expansion, ...) required for thermal
modelling of the casting process, e.g. the steady-state three-dimensional heat transfer model
TEMPSIMU3D [157]. The general structure of the IDS model with input and output data is
shown in Figure 18 [156]. Input parameters are the local cooling rates during solidification and
in the solid state, the actual chemical composition and (optionally) process data (t-T profiles,
deformations). As major output, the phase transformation temperatures, phase fractions,

solute composition profiles and material properties are calculated.

User IDS database
- Nominal composition - Thermodynamic Gibbs energy data
- Process data (time, temp, deform) - Diffusion coefficients
- Secondary dendrite arm spacing = Microstructure and material data
(if not calculated by IDS) 1
Chem
App
Temp Fracticns
. of complex
s‘mu ..... 800°C ~— ’ PRF inclusions
- ADC =>|sca
"""" GAS ==
Material data e 1 ?;I?thlgg‘
diffusivity
v

1

Temperature Solidification paths, phase & compound Hydrogen

distributions fractions, solute composition profiles, distribution

of the strand grain size, material property functi in strand
metal loss at strand surface, etc.

Figure 18: General structure (input/output data) of the IDS package [156].

Recently, the IDS model and the transient version of TEMPSIMU3D, called CastManager,
were coupled to perform online predictions of temperatures, solidification progress and product

quality on various slab casters in Finland [158]. Therefore, several quality indices (Ql) were
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implemented in IDS [159], which are closely related to the phase diagrams and kinetic phase
transformations, e.g. peritectic reaction, microsegreation phenomena and austenite grain
growth. Aim of the online QI strategy is the description of various types of surface cracks and
internal defects by physically-based, computationally efficient citerions. Selected indices and

the described defects according to the work of Louhenkilpi et al. [159] are listed in Table 6.

Table 6: Selected quality indices (Ql) and described defects according to Louhenkilpi et al. [159].

Defect Qlsie”  Qlstr?  Qlso®  Qlouc”  Qlora®
Longitudinal surface cracking, facial and corner X X X

Transverse corner cracking X X X X

Star cracks X X

") SHE = Detachment of the solidifying shell from the mold surface, 2 STR = Desturbed strengthening, 3 SOL =
Solute enrichment of strongly segregating elements (e.g. P, S and B), ¥ DUC = precipitations in micro-alloyed steels
between below 1200 °C, % GRA = coarse grain structure - austenite grain growth.

In Table 6, phosphorus influences the magnitude of Qlsye and QlsoL: The index QlsoL describes
the reduced ductility close to the solidus temperature and considers the interdendritic
enrichment of strongly segregating elements (P, S and B). The value of QlsoL raises ,if the
austenite fraction during solidification increases and as higher the enrichment of the elements
takes place. [159] This fact is in agreement with the predicted hot tearing sensivitiy due to
microsegregation phenomena in Chapter 2.1.3.3, depending on the initial C content. In the
intended concept, QlsoL is calculated by IDS as a function of (i) the interdendritic composition
of dissolved P, S and B at a solid fraction of 99.5 % and (ii) the amount of inclusions formed
during solidification, e.g. (Fe,Mn)S and B,Os. Primary precipitations show a beneficial influence
on QlsoL as their precipitation reduces the amount of strongly segregating elements in the
residual melt. In their work, Louhenkilpi et al. [159] proposed the general form Qlso. = f(xi,
firemnys), but noted, that the exact function of QlsoL itself is still open and topic of ongoing

research.

In the present study, the calculation of Qlsne is therefore schematically demonstrated based
on Figure 19: The phenomenon in the continuous casting process described by Qlske is the
detachment of the solidifying shell from the surface of the mold because of the contraction
during the &/y-transformation in the peritectic reaction, see Figure 19 (a). As a consequence,
the non-uniform heat withdrawal in the mold leads to an uneven initial shell formation, coarse
austenite grains and deep oscillation marks. Hence, hypo-peritectic steel grades with carbon

content between ca and cg (see also Chapter 2.1.2.2) are prone to crack formation in the
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casting process [58,62,160]. In Qlsqe the contraction due to the &/y-transformation is

considered by Equation 18 [159];

Qlsue = fSor — fiax (18)

where fso ® is the d-Fe fraction at the solidus temperature and fuax® is the maximum ferrite
fraction between Ts and Ts - 30 °C. According to Figure 19 (b) the phase transformation
temperature and respective fractions of ferrite are calculated with the IDS model. The
maximum of Qlsye is indicated by the red area and is close to the point ca. The values of Qlsxe
vary between 0 - 1 and higher values of Qlsxe correspond to increased risk of crack formation.
Within the online quality prediction procedure, the CastManager [158] calculates the
temperature field where the obtained local cooling rates and actual steel composition are the
input parameters for IDS. Based on the results, Qlsye can be efficiently calculated and give
first information on the product quality and risk of crack formation during the process with

respect to hypo-peritectic behaviour of the steel grade.

@

e
=
©
- [<b]
—_— Q.
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TsoL

Shell thickness TsoL Carbon composition

(a) (b)
Figure 19: Detachment of the solidifying shell from the mold surface as a consequence of the
contraction during &-Fel/y-Fe transformation of the peritectic reaction (a) and link to the
calculated phase diagram using IDS (b). Red indicates the maximum of the QI (worst case)

and Tsao is the temperature 30 °C below the solidus temperature. [159].

The effect of phosphorus on Qlske in the vertical section Fe-C-0.10%P is shown in Figure 20.
The quality index was calculated for local cooling rates of 0.10 °C/s, 1 °C/s and 10 °C/s with
IDS [155,156] and is compared with results of the microsegregation model, published in Paper
V (see Chapter 4.4). The values are shown along with the experimental phase diagram in
Figure 20 (a) and Figure 20 (b), respectively. As expected, both models predict a maximum
of Qiske close to the characteristic point ca. The magnitude of the maximum value of Qlste is
similar and varies from Qlspe ~ 0.70 in IDS to Qlsnxe ~ 0.60 in the present work. In IDS [155,156],
the critical composition corresponds to 0.095 mass pct. P, which is in very good agreement

with the experimental value for ca = 0.084 %C. In Figure 20 (a), only a minor influence of the
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cooling rate on the calculation results is obtained. The function of Qlsxse implemented into the

present microsegregation model of Paper V shows a higher sensitivity to the local cooling rate.

At slow cooling with 0.01 °C/s, the maximum of Qlsxe can be found at 0.07 %C and is shifted

to lower carbon contents with increasing cooling rate. However, in both models, the influence

of P on the peritectic range is well reproduced and the calculations indicate a good correlation

with the experimental data. The QI strategy provides an efficient way to identify hypo-peritectic

behaviour depending on the chemical composition and the local cooling rates.
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Figure 20: Influence of phosphorus on Qlske in the vertical Fe-C-0.10%P section calculated with cooling
rates of 0.10 °C/s, 1 °C/s and 10 °C/s using the IDS software [155,156] (a) and the microsegregation
model published in Paper V (see Chapter 4.4) (b) along with the experimental phase diagram

determined in Paper .
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4 Novel research findings and discussion

The schematic workflow of the present PhD thesis and the link to the published Papers I -
V is represented in Figure 21. The first workpackage (WP 1) dealed with the experimental
reassessment of the binary Fe-P and Fe-C-P system using DSC, partly supported by high-
temperature laser scanning microscopy (HT-LSCM). Based on the new phase diagram data,
the Fe-P and Fe-C-P systems were reoptimized within the CALPHAD-framework (WP 2).
However, as the DSC setup in WP 1 was specifically adjusted to characterize y/d-phase
transformations and melting equilibria, a novel approach was proposed in WP 3 by coupling
DSC data and HT-LSCM observations to determine the y-loop in the Fe-P system. The results
were evaluated with high-temperature X-ray diffraction (HT-XRD) and dilatometry. From the
thermodynamics of WP 1 - 3, selected data and modelling results were used in WP 4 - 5 to

improve a microsegregation model with focus on solidification of rephosphorized steels.

Experimental Modelling Experimental Modelling
= 5 t 4
WP 1 H WP 2 WP 4 WP 5
Bl Experimental study of Fe-P ;5', 2 Thermodynamic modelling Assessment of analytical fl Microsegregation modelling
and Fe-C-P E with MQM for liquid liquidus equations by DSC in continuous casting
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Phase equilibria " o | Uiquidus equation
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characterization of the @ phase fraction temperatures
Fe-P y-loop g

Figure 21: Schematic workflow of the present PhD thesis and the link to the attached Papers I-V.
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4.1 Experimental reassessment of the binary Fe-P phase diagram

and Fe-C-P key systems using DSC (Paper |)

The actual work in the PhD project started with the experimental investigations of the binary
Fe-P phase diagram and selected vertical sections in the ternary Fe-C-P system using DSC.
In total, 37 alloys with a mass of 50 g were produced by high-frequency remelting (HFR)
technique. The subsequent chemical analysis by optical emission spectroscopy (OES) and X-
ray flourescence analysis (XRF), partly required a recalibration of the analytical instruments
with results of inductively coupled plasma (ICP) - OES for samples with P > 0.10%. In the
present study, a NETZSCH DSC 404F1 Pegasus was used for the determination of high-
temperature phase equilibria. The DSC ftrials were carried out with 50 mg samples and a
heating rate (HR) of 10 °C/min with an empty crucible chosen as the reference. An extensive
section on the experimental details, as well as the list of chemical analysis of all samples can

be found in Paper I.

One highlight of the DSC analysis represents the successful application of NETZSCH’s Tau-
R software [161,162]. The general procedure of incorporating the Tau-R method into
standardized DSC analysis at the Chair of Ferrous Metallurgy (Montanuniversitaet Leoben)
was firstly established by Presoly et al. [56] and is explained as follows: Melting of steel takes
place under a large change of heat (AH > 200 J/g) resulting in a shift of the measured “peak
temperatures” to higher values with increasing heating rates. [163] However, “onset
temperatures”, defined as the first deviation of the baseline, are not affected by the HR. In
general, peaks in the DSC signal indicate the end of a phase transformation during heating,
e.g. liquidus, the end of the peritectic transformation and the end of the y/&-transformation;
whereas onsets correspond to the respective beginning, e.g. solidus, start of the peritectic
reaction or start of the y/d-transformation. The evolution of the DSC signal for a hypo-peritectic
sample with Fe-0.136%C-0.105%P is shown in Figure 22 (a), validating the explained effect
of the HR on the DSC results. In order to obtain the equilibrium value, the phase transformation
temperatures have to be extrapolated to a HR of 0 °C/min within a heating rate variation
procedure [164], see Figure 22 (b). In daily DSC practice the HR variation procedure is time
consuming and cost intensive, as numerous samples have to be investigated. The Tau-R
calculation [161,162] provides a more efficient way to obtain the equilibrium from a single DSC
measurement by excluding all instrumental effects on the DSC signal. For this purpose the
DSC has to be calibrated with several measurements of pure elements (NETZSCH'’s
standards) under the pre-defined HR. In the PhD thesis a HR of 10 °C/min was selected as (i)

linear behaviour of the HR varation extrapolation was obtained up to 10 °C/min, (ii) the time
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for measurement, as well as the time spend in the high-temperature region is reduced and (iii)
the HR is in reasonable agreement with values from literature [164]. It was demonstrated in
Paper |, that the Tau-R calculations and the extrapolated equilibrium values of the HR variation
method are in excellent agreement. The Tau-R calculation of the 10 °C/min DSC signal of
sample Fe-0.136%-0.105%P is shown in Figure 23.
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Figure 22: Evolution of the DSC signal for a Fe-0.136%C-0.105%P alloys with varying heating rates of

5-20 °C/Min (a) and determination of the equilibrium temperatures by a HR variation (b).
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Figure 23: Graphical comparison between the original DSC signal and the Tau-R calculation. [165]

Within first experiments of studying the ternary vertical section Fe-C-0.10%P, a significant
difference of the solidus temperature (ATs ~ 20 °C) was identified by comparing the measured
values with calculations using the thermodynamic optimization of Gustafson [29]. The
experimentally determined phase stabilities of 6-Fe and y-Fe in the peritectic range indicated,
that the liquid phase has to be considered as much more stable than assumed in the modelling

work. In a first step, the author created therefore a ternary Fe-C-P database in the FactSage
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[28] format implementing the more recent thermodynamic assessments of Shim et al. [25,30].
However, even the updated excess Gibbs energy parameters could not resolve the fact of
predicting too high solidus temperatures within calculations, see Figure 24. Due to the low P
content of 0.10 mass pct. in the vertical section, the ternary excess parameters in the BW-
model do not contribute significantly to the excess Gibbs energy: In the Fe-rich corner of the
Fe-C-P system, the accurate descriptions of the binary Fe-C and Fe-P systems play a keyrole
to improve the phase diagram calculations. Hence, the starting point of the complete
experimental reassessment of the binary Fe-P system in the PhD work was actually a non-
acceptable error in predicting high-temperature phase equilibria in the ternary phase diagrams.
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Figure 24: Comparison between DSC data of the present data and the thermodynamic calculations with
the assessments of Shim et al. [25,30] for the vertical Fe-C-0.10%P section; 0 - 1.4 mass pct. C (a) and

enlarged peritectic region (b). [165]

From literature survey, a lack of experimental data for melting equilibria in the Fe-P system
was identified at P < 1 %. Reliable data in this composition range are of great importance to
model the solidification of rephosphorized steels. Hence, particular focus was placed in the
DSC trials on investigating samples with P content lower than 1%. Additional samples were
produced to determine the phase boundaries up to the eutectic composition of ten mass
percent. The newly assessed binary Fe-P system is represented in Figure 25. The solidus and
liquidus temperatures are in best agreement with the most recently published data of Morita
and Tanaka [45], but the present data are considered as superior due to the high deviation of
the chemical composition analyzed by EPMA [45]. At P < 1 %, the results indicate a much
stronger decrease of Ts than the calculations, but become more consistent with the
assessment of Shim et al. [25] with increasing P contents. It can be concluded, that the error
in the Fe-P system leads to significant deviations in the peritectic range of the ternary Fe-C-P

system in Figure 24.
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Figure 25: Newly assessed phase boundaries in the binary phase diagram with respect to melting

equilibria and the high-temperature y/&-transformation. [165]

4.2 Thermodynamic modelling of the Fe-P and Fe-C-P system using
the MQM for the liquid phase (Paper Il)

Based on the gained data from DSC experiments in Paper | a complete thermodynamic
reassessment of the binary Fe-P and Fe-C-P systems was performed. For the first time, the
MQM was applied for the liquid phase in this alloying system. A summary of calculated
thermodynamic properties (enthalpies, activities and calorimetric functions of phosphides) and
various vertical and isothermal sections from literature is provided in Paper Il. With respect to
present work, the calculated Fe-rich part of the binary Fe-P system is shown in Figure 26. In
Paper Il, two sets of thermodynamic model parameters for the MQM were proposed as the
maximum SRO composition was not evident from the literature data. “Model I” considers SRO

at xp = 0.33, “Model II” at the equimolar composition (xr = 0.50). It is clearly visible in Figure
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26, that both models could improve the phase diagram calculation compared to the work of
Shim et al. [25] and perfectly agree with the DSC data of Paper I. However, although both
MQM descriptions may be used in thermodynamic databases for highly P-alloyed steel grades,
less excess parameters were needed in Model | and indicate a better suitability for the Fe-P
phase diagram than Model Il. Shortly after publication of Paper Il, You and Jung [27]
independently proposed a second description of the Fe-P phase diagram using the MQM for
the liquid phase. Similar to Model | in Paper Il, the authors [27] set the maximum SRO
composition to xp = 0.33 and achieved excellent results of describing the thermodynamic
properties of the liquid phase.
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Figure 26: Calculated Fe-rich part of the binary Fe-P system using the novel set of thermodynamic
parameters. The present DSC data are plotted by orange triangles and are labelled by Bernhard et al.
(2020). The present assessment is compared with the work of Shim et al. [25] and experimental data
from literature [34—36,38—42,44—46]. [166]

The last optimization of the ternary Fe-C-P system was published by Shim et al. [30] in the
year 2000. In the modelling work of Paper Il, the improved thermodynamic description of the
binary Fe-P phase diagram was extrapolated to the ternary Fe-C-P system. Therefore, the
assessment of the Fe-C system according to Shubhank and Kang [140] was considered,

where the liquid phase was also modelled by the MQM. As no information on the C-P phase
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diagram was available, its contribution to the ternary description was neglected. The Gibbs
energy of the liquid phase was extrapolated by a “Kohler-Toop” method (Chapter 2.2.2.3),
setting carbon as the asymmetric component. Without introducing a ternary excess Gibbs
energy parameter, the thermodynamic properties of the liquid phase could be improved,
compared to the BW-model of Shim et al. [30]. Particularly at higher amounts of P, the
experimental data in Figure 27 indicate a stronger decrease of the C solubility, depending on
P; this tendency is reproduced much better using Model | of Paper Il compared to previous
work [30].
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Figure 27: Calculated solubility of C in the ternary Fe-C-P liquid phase in the temperature range of 1290
- 1600 °C compared with the assessment of Shim et al. [30] and experimental data from literature [167—
171]. [166]

In Paper Il, the austenite and ferrite solutions were modelled with the Compound Energy
Formalism, as C occupies the interstitial sites in the Fe-C-P system. According to Chapter
2.2.2.2, the CEF considers the Gibbs energies of end-members, in the Fe-C-P system
described by Grec and Gp.c. The terms of Grec for ferrite and austenite were accepted from
the work Shubhank and Kang [140], originally published by Gustafson [172]. However, as no
experimental data were available for Gp.c, the enthalpies of formation were estimated ab-inito
using Density Function Theory (DFT). According to Equation 16, the values of Gp.c were
implemented into the ternary Fe-C-P database. The magnitude of the ab-initio simulations is
in reasonable agreement with the optimized data of Shim et al. [30], but the physical
background of the DFT calculations makes the data more valuable. By introducing only one
ternary excess parameter for the austenite phase, the prediction of various isothermal sections
between 800 - 1100 °C was significantly improved, see Paper Il. With respect to the presently

measured vertical sections in Paper |, the divergence in the solidus temperature was resolved.
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The thermodynamic calculations for the Fe-C-0.10%P and Fe-0.20%C-P sections are now
within the experimental error of the DSC measuremenets and the phase stabilities in a

isoplethal section with high amount of P and C are much better reproduced, than in the work
of Shim et al. [30]; demonstrated in Figure 28.
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Figure 28: Comparison between calculated vertical sections and experimentally obtained phase
boundaries from Paper | along with the thermodynamic assessment of Shim et al. [30]: Fe-C-0.10%P
(a), Fe-0.20%C-P (b) and Fe with %P/%C ratio of 2 (c). [166]

4.3 A novel approach for in-situ characterization of y-loops by
coupling DSC and HT-LSCM: Application to the binary Fe-P
system (Publication Ill)

In Paper |, special care was taken within the DSC trials on determining the melting equilibria
and the y/6-transformation temperatures in the Fe-P and Fe-C-P systems. Therefore, the DSC
setup was specifically adjusted to analyze the high-temperature (HT) region at T > 1250 °C. In
the binary y-loop, several parts of the phase boundaries could be precisely determined with

the HT-setup. However, compared to the enthalpy change during melting, the measurable
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effect in case of solid state transformations is limited, using the HT-setup. The start of the a/y-
transformation at temperatures between 900 - 1100 °C was not detectable in Paper |, see the
lower phase boundary in Figure 29 (a). Further difficulties arised in characterizing the end of
the ferrite + austenite < ferrite transformation at P > 0.30 %; corresponding to the upper phase
boundary of samples B-I to B-lll and C-I in Figure 29 (a) at T > 1200 °C. In a first step, see
Figure 29 (b), two samples with 0.147 %P and 0.419 %P were selected and the experimental
parameters (sample mass, heating rate and crucible material) were modified to a DSC setup,
typically used in classical heat capacity measurements up to T < 1250 °C (LT-DSC). The
resolution of the DSC signal for both, the start of austenite formation and the end of the phase
transformation, was sharply pronounced in case of the 0.147 %P sample. But while
investigating the sample containing 0.419 %P, the onset in the DSC signal was still not
detectable. Therefore, a novel approach was developed for coupling the DSC method and HT-
LSCM for a complete reconstruction of the Fe-P y-loop phase boundaries with the possibility
to apply this approach for future work on the research field of Fe-based y-loops in binary and

ternary phase diagrams.
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Figure 29: Investigated samples and their compositions in the binary Fe-P y-loop (a) and “sample flow”

in Paper Il along with used experimental techniques. [173]

At the Chair of Ferrous Metallurgy (Montanuniversitaet Leoben), HT-LSCM represents a
valuable tool for in-situ characterization of phase transformations at elevated temperatures. A
description of the used microscope can be found in Paper | and lll. In general, HT-LSCM
enables the optical visualization of the phase transformation in a restricted field of observation.
Recording with a selected frame rate provides the possibility for extensive post-processing and
detailed analysis of the results. The HT-LSCM method was already applied in Paper | to
support the evaluation of the DSC signal in the high-C and high-P region. In Paper lll, a
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standardized method was proposed to determine the phase boundaries of y-loops in Fe-based
systems. The procedure is based on image processing of coloured austenite and ferrite
fractions, present at the surface of sample, and is explained in detail in Paper Ill. In order to
critically evaluate the results of the coupled DSC/HT-LSCM approach, the utilization of other
in-situ experimental methods were taken into account. Within extensive literature review
provided in Paper lll, the experimental techniques of equilibration, dilatometry, thermo-
magnetic balance and X-ray diffraction were identified as standard methods, used to

characterize phase stabilities in Fe-based y-loops.

In a joint project together with Materials Center Leoben Forschungs GmbH, a general
procedure was therefore established to perform in-situ HT-XRD experiments. The analysis
was supported by additional standard dilatometry experiments. All four in-situ techniques
(DSC, HT-LSCM, HT-XRD and dilatometry), were used to investigate a selected sample with
0.394 %P, see sample C-l in Figure 29 (a). The phase transformation temperatures obtained
from all experiments are summarized in Table 7 and show reasonable agreement for both, the
austenite formation (bcc—bcc+fcc), as well as the austenite decomposition (fcct+bcc—bcec). In
the HT-XRD and dilatometry trials, the phase transformation temperatures were obtained at
lower temperatures. However, similar to the DSC and HT-LSCM experiments, the analysis of
the measured signals was quite challenging, see Paper Ill. Considering the observed errors,
the temperatures are actually overlapping and the results confirmed the approach of coupling
DSC and HT-LSCM for a full reconstruction of the y-loop.

Table 7: Measured phase transformation temperatures of a sample containing 0.394 %P using various

in-situ experimental techniques. [173]

Phase boundary DSC HT-LSCM HT-XRD Dilatometry
bccobectce - 1000 + 10 °C 976.5+10 °C 976 + 20 °C
fcctbecceobece 12926 +5°C 1285+ 5°C 1260 + 10 °C 1260 + 20 °C

The y-loop reconstructed by HT-LSCM observations and the data of the DSC analysis from
Paper | and lll are represented in Figure 30, along with data from literature [37-39]. In general,
the present results are in best agreement with the most recently proposed temperatures of
Fischer et al. [39]. In this work [39], high quality samples with low amounts of trace elements
(C, Mn, N) were investigated by the thermo-magnetic balance. The good correlation with the
work of Fischer et al. [39] indicates, that the developed approach leads to very reasonable
results over the whole composition range. Higher deviations of the HT-LSCM observations

from the available data have to be accepted only in the low P region (P < 0.10 mass pct.) at
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decreased temperatures (900 - 1000 °C). However, in this range, the DSC analysis provides
complementary, accurate tempratures for the fcc+bcc—fcc transformation. By comparing the
experimental data with thermodynamic optimizations from literature [25-27], best agreement

was obtained with the work in Paper II.
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Figure 30: Experimentally characterized phase boundaries in the Fe-P y-loop coupling DSC and HT-
LSCM along with data from literature [37-39] and the DSC measurements of Paper |. The measured

values are compared with published assessments [25—-27] and the optimization in Paper Il. [173]

Finally, in-situ HT-XRD experiments were carried out to quantitatively determine the phase
fractions of austenite and ferrite by Rietveld refinement at elevated temperatures of 1050 °C,
1100 °C and 1150 °C; again, the sample containing 0.394 %P was investigated. The results
were compared with recalculated phase fractions obtained by Lorenz et al. [38] using the
thermo-magnetic balance. Excellent agreement between both experimental datasets is evident
from Figure 31. Further, thermodynamic calculations of phase fractions over temperature were
performed with references [25-27] and the assessment in Paper Il. In general, the HT-XRD
data indicate less stability of austenite than predicted by the models. This fact can be directly
assigned to the optimized phase boundaries in Figure 30: The y-loop in all modelling studies
is slightly shifted to higher concentrations of P. As a consequence, the stability of austenite is
increased and applying the Lever-Rule will give higher values for the austenite fractions. It can
be seen in the phase diagram of Figure 30, that within the modelling work of Paper Il, the
maximum solubility of P, as proposed by Fischer et al. [39], was considered as most reliable.
The reduced stability of austenite assumed in the y-loop of Paper Il results in the best

agreement with the quantitative phase fractions from the HT-XRD experiments. The
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calculations are nearly within the experimental error and qualitatively represent the course of

the present phase fractions most accurately.
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Figure 31: Quantitative phase fractions of austenite and ferrite obtained by Rietveld refinement using
HT-XRD at 1050 °C, 1100 °C and 1150 °C and the comparison with experimental data from literature

[38]. The phase fractions were calculated with references [25-27] and Paper Il. [173]

4.4 Development of a microsegregation model for the continuous
casting process with special focus on rephosphorized steels
(Paper IV-V)

The topic on microsegregation in continuous casting and the relevance for determing the
real solidus temperature under non-equilibrium solidification conditions was extensively
discussed in Chapter 2.1.3. The development of an in-house solution for microsegregation
modelling was started by the present author in the master thesis [174] with focus on calculating
solidification of low carbon steel grades. Within the PhD thesis, this model was extended to a
general approach covering the whole peritectic range in the multicomponent Fe-based system.
Though the algorithm is partly explained in Paper V [175], the calculation scheme is described
in detail in this chapter, as several updates have been performed in the PhD work, since
publication of Paper V due to recently available thermodynamic data, particularly with respect

to phosphorus.
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4.4.1 General model description

All input and out parameters of the microsegregation model are schematically represented in
Figure 32:

Initial data: The general calculation starts by inserting the chemical composition of the steel
grade and the definition of the local cooling rate T'. In the current version, 15 elements can be
considered in the calculation; including C, Si, Mn, P, S, Al, Cu, Cr, Ni, Mo, V, Nb, Ti, B and N.
The algorithm itself is based on the semi-integrated Ohnaka equation according to You et al.
[84]. In contrast to the original form of the Ohnaka model in Equation 4 (Chapter 2.1.3.2), the
semi-integrated form in Equation 19 enables to take into account local partition coefficients
[84] by respecting the mass balance. Afs is the pre-defined increment of the solidification

progress and increases from 0 to 1; Afs is currently set to 0.005.

1-k
fs [ 1—Ffs T
L 1-T'(fs+Afs)

fg+Afg

Cp

=C (19)

Morphology: In the model, dendritic-columnar growth is assumed with I = 1-4ak/(1+4ak)
according to Equation 5 (Chapter 2.1.3.2). The coarsening of the dendrites during
solidification is described by a semi-empirical relation between the local solidification time (t,
s) and the secondary dendrite arm spacing (A2, um); given in Equation 20 [176], depending

on the initial carbon concentration Cy in mass percent.
Ay = (23.7 — 13.1C, %)t} (20)

Diffusion: Together with the diffusion coefficients of the elements in the solid state (Ds), using
the Arrhenius approach (Equation 21), the A--t; relation is inserted into the Fourier-Number q,
given in Equation 3 (Chapter 2.1.3.2). In the Arrhenius equation, Do is a pre-exponential
coefficient in cm?/s, Q is the activation energy in J/mol, R is the gas constant with 8.314 J/mol.K

and T is the temperature in Kelvin.

Ds = Doexp(—Q/RT) (21)

Partition coefficients: The partition coefficients of each alloying element are required for the

ferrite phase and the austenite phase (see Chapter 2.1.3.2) for calculating the enrichment in
the interdendritic liquid. The partition coefficients of C, Si, Mn, P, S Al, Cr, Ni, Mo and Cu were
partly assessed in a publication [177] of the present author and within previous project work.
In the PhD project work, data of micro-alloying elements (V, Nb, Ti), nitrogen and the strongly
segregating element boron were implemented by FactSage [28] calculations, using the most
recently available thermodynamic database FSStel2019. For P, the newly obtained data in

Paper | and Il were used to improve the partition coefficient input data, see Chapter 4.4.2.
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Temperature calculation: Empirical liquidus equations are applied to obtain the relation

between fs and the solidification temperatures. Analytical expressions for T, are typically used
to adjust the superheat of a specific steel grade in the continuous casting process, but can
also be applied in conjunction with microsegregation models. In the latter case, the
interdendritic liquid can be seen as a melt with very high amount of enriched elements.
Inserting the actual chemical composition, calculated by Equation 19 at each step of fs will
give the characteristic function of T depending on the solid fraction. The final solidus
temperature is therefore defined as T, of the melt with calculated enrichments of C_ at fs = 1.
In the model, the liquidus formula as suggested by Howe and Miettinen [178] is used. The
expression of the liquidus equation is given in Equation 22 [178], where T_ is separately

calculated for austenite and ferrite.
TL = T]? + Zin=1 Ai%Xi + Z]-n=1 BI%XI%C (22)

T.% is the melting point of pure iron (1538 °C for d-Fe and 1528 °C for y-Fe [178]). The
coefficients A describe the decreasing effect of the alloying element X; in mass pct. on T, of
Fe according to the phase diagram; whereas B; represents the interaction of X; with carbon
(%C). The parameters Ai and B; for C, Si, Mn and P were evaluated in Paper IV, where the
coefficient of P was slightly modified; according to the results of Paper I. The original values
of Ai and B; [178] were taken for S, Cr, Ni and Mo. Similarly to the calculations of the partition
coefficients, simulations with FactSage [28] and FSStel2019 were performed to extend the
liquidus equation for Cu, V, Nb, Ti, N and B by fitting the results to the approach of Miettinen

and Howe [178] in Equation 22 within internal research work.

MnS formation: During solidification, the high enrichment of Mn and S may lead to the

formation of MnS. Based on the interdendritic concentration and the current temperature, the
MnS product is calculated at each step of fs. If the solubility product is exceeded, MnS will form
and the concentration of Mn and S is reduced to the equilibrium value given by the T-
dependent Equation 23 [179].

—8750
logKmns = TIK] + 4.63 (23)

Qutput: The main output data of the model are (i) the relation between fs and T, (ii) enrichment
concentrations of alloying elements and (iii) the phase transformation temperatures and phase
fraction prediction of austenite, ferrite and the liquid phase during solidification. The latter data
can be determined by incorporating the peritectic reaction into the model; the procedure is
described in the next chapter 4.4.2. Based on the results, the thermo-physical properties [180]
(i) heat capacity, (ii) latent heats, (iii) thermal conductivity and (iv) density can be calculated

for further use in solidification modelling. The current parameter settings of the
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microsegregation models for Ds"®, k¥ and the liquidus equation are summarized in Table 8
and Table 9.

Thermodynamics of an
element in Fe

Shape of dendrites and
coarsening during solidification

Hexagonal geometry, A, — t; relation ‘

Partition coefficients

= <

Mobility of an element Type of steel grade and cooling

conditions

during solidification
Diffusion coefficient

‘ Liquidus equation ‘

Y
Semi-integrated analytical equation
1 Interdendritic 5
concentration

Chemical analysis,
cooling rate

Solubility product

MnS precipitation during

solidification

fs— T relation
phase fractions over T
actual concentrations

Thermo-physical properties

Hot tearing sensitivity
Quality prediction

Figure 32: Schematic illsutration of the microseregation model with input and output data.

Table 8: Input parameters for the microsegregation model, partly referenced to [79,177,178,181] and

internal research work at Chair of Ferrous Metallurgy (Montanuniversitaet Leoben).

Cc Si Mn P S Al

k3 [-] 0.17 0.72 0.70 0.17 0.04 1.1

kY [-] 0.29+0.057%C-5.47x103%C?  0.70 0.70 0.12 0.02 1.1

Do® [cm?/s] 0.0127 8 0.76 29 4.56 5.9

Q3 [J/mol] -81379 -248948 -224430  -230120 -214639 -241186
DoY¥ [cm?/s] 0.0761 0.3 0.055 0.01 2.4 5.1

QY [J/mol] -134429 -251218 -249128  -182666 -212232 -245800
A3 [°Clwt%] -76.24 -11.66 -5.62 -35.23 -32.81 0

B? [°C/wt%?]  -10.3542 -4.3512 -0.223 -11.2 -17.7234 0

AY [°Clwt%] -60.09 -11.49 -4.26 -30.92 -33.19 0

BY [°C/wt%?]  -6.1399 -5.6055 0.453 -5.3494 -10.09 0
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Table 9: Input parameters for the microsegregation model, partly referenced to [79,181] and internal

research work at Chair of Ferrous Metallurgy (Montanuniversitaet Leoben).

Cr Ni Mo Cu \ Nb Ti B N
k3 [] 0.90 0.81 0.65 1 0.73 0.26 0.28 0.025 0.30
kY [-] 0.83 0.89 0.47 1 0.50 0.15 0.15 0.020 0.60
Do® [cm?/s] 24 1.6 3.47 2.6 4.8 50 3.15 0.008 0.008

Q5 [J/mol] -239785  -239994 -241375  -239994 -239994 -251960 -247693 -87900 -79078

Do¥ [cm?/s] 0.0012 0.34 0.068 0.7 0.284 0.83 0.15 0.002 0.91

QY [J/mol] -218991  -282378 -246856 -285976 -258990 -266479 -250956 -87900  -168490

A3 [°Clwt%]  -1.95 -3.58 -2.2 0.17 -3.97 -6.61 -16.123  -101.06  -58.4
BS [°C/wt%?] -0.0329 -0.8364 -0.8451 0.22 2.871 1 9 -20.48 -10.4
AY [°Clwt%] -2.47 -1.97 -4.36 0.36 -7.425 -8.43 -16.05 -95.77 -48.29
BY [°C/wt%?] 1.3303 -0.5886  0.0701 1.3 4.7 2.5 7.49 -9.41 -0.92

4.4.2 Determination of the partition coefficients kp®Y from Paper | and Il

The experimentally reconstructed liquidus and solidus phase boundaries from Paper | were
used to determine the partition coefficient ke® over temperature; the results are graphically
compared with data of previous publications [45,69] in Figure 33. The melting temperature of
pure Fe (1538 °C) represents the dilute solution, whereas the lower limit of 1100 °C is already
close to the eutectic temperature in the binary Fe-P phase diagram (see Figure 1). In order to
guarantee a better comparability with the data of Battle and Pehlke [69], the values of Morita
and Tanaka [45] and those obtained within the present work were converted from mass
percent-related to mole fraction-related; according to references [182,183]. The lines are
plotted separately in Figure 33. However, ke® (mole fraction) and ke® (mass percent) are
identical at infinite dilution and only a minor difference is observed at lower temperatures
(Ake® ~0.01 at 1150 °C). Since in fact, the solidus and liquidus line in the Fe-P phase diagram
do not decrease perfectly linear, all plotted partition coefficients are clearly dependent on
temperature. The temperature dependence of kr° is mostly pronounced in the work of Battle
and Pehlke [69]; ke® increases from a very low value of 0.02 at the melting point of pure Fe
(1538 °C) to 0.27 at 1130 °C. The strong curvature of kp® can be explained by the shape of the
solidus line in the phase diagram of Spencer and Kubaschweski [72]. Further, ke® = 0.02 at

infinite dilution seems not to be reliable, because this value significantly disagrees with other
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data reported in literature ranging from ke® = 0.136 - 0.27 [45,65-67,71]. In general, the results
of the present study correlate well with the data of Morita and Tanaka [45], see Figure 33. The
value of ke® = 0.17 at infinite dilution is slightly higher; below 1350 °C both datasets become
very similar. Setting the value of ke® = 0.17 in the microsegregation model as constant is in
agreement with the data of Fischer et al. [66,67].

As the value of kp¥ in binary Fe-P alloys can not be derived from the phase diagram data of
Paper | (see Chapter 2.1.3.2), the partition coefficient was estimated by thermodynamic
optimizations [25—-27] and Paper Il in Figure 34 taking the example of an Fe-0.10%P alloy. In
order to check the reliability of the calculations, ke® was firstly calculated in Figure 34 (a) and
(b). It can be seen that the dependence on temperature is less pronounced using Paper Il than
in other assessments. The calculated value of ke® = 0.17-0.18 is in excellent correlation with
data of Paper | in Figure 33 at infinite dilution. Within the calculations of kgY, the ferrite phase
was suppressed. The final partition coefficient of P between liquid and austenite is 0.12 and
lower than predicted by other assessments, but correlates with the work of Nakamura and
Esaka [71]. The presently obtained values for ke®" were implemented into the current version
of the microsegregation model.
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Figure 33: Partition coefficient of phosphorus between 0-Fe and liquid, depending on temperature

reported in literature [45,69] along with the present analysis based on Paper .
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Figure 34: Calculated values of kp®Y for a Fe-0.10%P alloy using thermodynamic optimizations [25-27]
and Paper Il

4.4.3 Assessment of analytical liquidus equations for steel and incorporating

the start of the peritectic reaction into the model

The relevance of liquidus equations for use in microsegregation models was explained in
Chapter 4.4.1. As evident from Chapter 2.1.1, the most importing alloying elements in
rephosphorized steels are C, Si, Mn, Al and P. For the Fe-C-Si-Mn-Al-P system, various
analytical liquidus equations were therefore evaluated in Paper IV, using thermal analysis
techniques. Data for Si, Mn and Al were considered from previous research work at the Chair
of Ferrous Metallurgy. The measured liquidus temperatures in the Fe-P and Fe-C-P systems
from Paper | were considered along with additional measurements in the Fe-Al-P, Fe-Si-P, Fe-
C-Mn-P and Fe-C-Si-Mn-Al-P systems, which were performed within the PhD project to check

the predictions of T, in highly P-alloyed samples. In total, results of 180 alloys were analyzed
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with the selected equations, where the expression of Howe and Miettinen [178] showed the
best agreement with the data. The total error of the equations is 2.1 + 1.6 °C and is close to
the typical experimental error of £ 2 °C using DSC and differential thermal analysis (DTA).
[166] By slightly modifying the parameters of phosphorus, the predictions of T. could be
improved particularly for P-alloyed steels. The results are summarized in Figure 35 and show
the correlation between the calculated value of T, and the experimentally determined
temperature. As described in the previous Chapter 4.4 the implemented parameters for
calculating T, according to the approach of Miettinen and Howe [178] are given in Table 8 and
Table 9.
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Figure 35: Comparison between calculated liquidus temperatures using analytical equations from
literature and the comprehensive dataset of 180 measurements in the Fe-C-Si-Mn-Al-P system (a) and
specific improvement of the expression of Miettinen and Howe [178] for P-alloyed samples by optimizing

the P parameter (b) according to Paper IV [184].

A major difference between the expressions is the availability of a single equation or separated
formulas of T, for ferrite and austenite. If two equations are used, a thermodynamically
consistent description of the peritectic start temperature during solidification of Fe-C
multicomponent system can be provided. In previous microsegregation models, this
temperature was modelled e.g. by regression analysis [79,86]. The calculation procedure
implemented in the microsegregation model is shown in Figure 34 on the example of an hypo-
peritectic Fe-0.296%C-0.11%P, alloy investigated by DSC in Paper I. In order to compare the
model with the equilibrium data, the Fourier-Number was set to infinity. In the Miettinen-Howe
equation [178], the primary stable phase at the liquidus temperature is always the phase
showing the higher value of T., depending on the actual chemical composition. In the present
microsegregation model, the calculated enrichment with Equation 19 is inserted to both
equations at each solidification step and if at a specific phase fraction, T, of austenite exceeds

the value for ferrite, the peritectic transformation starts. In Figure 34, the calculated start of the
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peritectic reaction is 1491 °C at fs = 0.46 and is in excellent agreement with the measured
temperature of 1488.3 °C. The consideration of the peritectic reaction is of major importance
for the enrichment calculationss as the solidification is then controlled by the austenite phase
and the partition coefficients and the diffusion coefficients are changing. As demonstrated in
Chapter 2.1.3.2 the change in the solidification sequence result generally in a much more
strongly pronounced enrichment of the alloying elements. In conrast to the start, the end of the
peritectic reaction is only possible by using a numerical approach to solve the solute
redistribution during solidification. The implementation of the algorithm, solving the diffusion
profile in the solid state, will be part of future research work. Applications of the
microsegregation model for enrichment calculations and predicting the hot tear sensitivity of
P-alloyed steels were demonstrated in the state of the art section (chapter 2).
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Figure 36: Calculated enrichments of C and P under equilibrium conditions (a—<) and temperature
evolution predicted for an Fe-0.296%C-0.110%P alloy (hypo-peritectic) with the present model along
with experimental data obtained by DSC in Paper I.

The present Chapter 4 demonstrates a systematic approach of transferring experimental data
obtained close to equilibrium conditions into kinetic solidification models, in order to consider
localized cooling in the continuous casting process. New accurate phase diagram data are the
basis for further development of solidification models and can be converted from experimental
and modelling work into relevant input parameters for microsegregation calculations. In this
chapter, the methodology was demonstrated for rephosphorized steels with phosphorus as
important alloying element. Future research work will focus on the implementation of improved
thermodynamics (experimental data and modelling studies) of other strongly segregating

elements, as boron and sulphur, into the microsegregation model.
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5 Summary and conclusion

Within this thesis, the effect of phosphorus on solidification and high-temperature phase
transformations in steel was extensively studied. In the experimental part, the in-situ methods
of differential scanning calorimetry (DSC), high-temperature laser scanning confocal
microscopy (HT-LSCM), high-temperature X-ray diffraction (HT-XRD) and dilatometry were
applied to investigate phase equilibria in 40 high-purity alloys of the Fe-P and Fe-C-P key-
systems. Based on the experimental results, a complete CALPHAD-type (Calculation of Phase
Diagrams) thermodynamic modelling study was carried out. Finally, the new results were
implemented into a microsegregation model for calculating solidification of steel under

continuous casting conditions.

In the binary Fe-P system, the DSC ftrials indicated a significantly lower solidus temperature
(Ts) than predicted by most recently published thermodynamic assessments. Special focus
was placed on composition range of P < 1 mass pct. as a lack of experimental data was
identified in literature. In this region, the deviation between the measured values of Ts and the
calculations exceeded 50 °C; with increasing amount of phosphorus (P = 1.5 - 2 %) a better
correlation of Ts was obtained. Similar to the calculation results in the binary Fe-P system, the
stability of the liquid phase was underestimated in the vertical sections Fe-C-0.10%P and Fe-
0.20%C-P. In a third ternary section with mass percent of P to C equals two, the analysis of
the DSC signals was supported by HT-LSCM observations. In those alloys, containing high
amounts of C and P, the calculated phase stabilities of ferrite (5-Fe) and austenite (y-Fe), using
previous thermodynamic assessments of the Fe-C-P system, significantly disagreed with the

new experimental data.
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In the CALPHAD-type thermodynamic modelling of the Fe-P and Fe-C-P system, the use of
the modified quasichemical model (MQM) for the liquid phase resolved the discrepancies in
the solidus temperature wihout introducing a ternary excess Gibbs energy parameter. By
improving the thermodynamic description of the binary Fe-P phase diagram, the measured
phase equilibria in the Fe-C-P could be predicted more accurately. The consideration of ab-
initio calculations of enthalpies of formation for the austenite and ferrite phase enhanced the
calculations in various ternary isothermal sections between 800 - 1100 °C. Finally, the
predicted phase stabilities of 8-Fe and y-Fe phases in the vertical section with high carbon and

phosphorus concentrations are in excellent agreement with the experimental data.

A novel approach of coupling DSC analysis and HT-LSCM observations for characterizing the
phase boundaries in the Fe-P y-loop was successfully evaluated with the well established in-
situ methods of HT-XRD and dilatomerty. The obtained phase transformation temperatures
correlate with the most recently published data from literature. Further, quantitative phase
fraction analysis of ferrite and austenite were carried out by Rietveld refinement using HT-XRD
at elevated temperatures of 1050 °C, 1100 °C and 1150 °C. The measured phase fractions
are in reasonable agreement with calculations of the thermodynamic reassessment, performed

in the present study.

Finally, the obtained experimental data and thermodynamic calcutions were used to improve
a microsgregation model with particular focus on rephosphorized steel grades. Therefore,
analytical liquidus equations from literature were evaluated and the partition coefficients kg"°
were calculated with the current optimization of the Fe-P system. The thermodynamically
consistent implementation of the peritectic start temperature was compared with DSC results

of the Fe-C-0.10%P system by setting the model to the equilibrium mode.
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Experimental Study of High Temperature Phase Equilibria in the Iron-Rich
Part of the Fe-P and Fe-C-P Systems

M. Bernhard, P. Presoly, N. Fuchs, C. Bernhard and Y.-B. Kang
Metallurgical and Materials Transactions A, 2020, vol. 51, pp. 5351-56364.

Abstract: During the solidification of steel, phosphorus strongly segregates in the
interdendritic liquid phase. In the continuous casting process, even low levels of P may have
a detrimental effect on the final product quality. However, phosphorus is partly added up to
0.10 wt pct to improve the mechanical properties of advanced steel grades nowadays, e.g.,
High-Strength Interstitial-Free (HSIF). To provide new experimental data for the development
of thermodynamic databases and solidification models for P alloyed steel grades, phase
equilibria in the Fe-P and Fe-C-P key systems were studied up to 1550 °C using differential
scanning calorimetry (DSC) and high temperature laser scanning confocal microscopy (HT-
LSCM). Special focus was placed on solid/liquid equilibrium temperatures in the Fe-rich part
of the binary Fe-P system between 0.025 and 9 wt pct P. In the ternary system, three isoplethal
sections with 0.10 mass pct. P, 0.20 mass pct. C and constant mass percent ratio P/C of 2
were investigated. In the latter section, HT-LSCM observations were linked with DSC signals
to optically identify present phase stabilities. Particularly at [pct P] < 1, significant differences
between performed measurements and calculated phase equilibrium temperatures using
thermodynamic assessments from the literature were identified. In all ternary sections, the
experiments indicate less influence of P on the hypo-peritectic range compared to the

thermodynamic calculations.
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I. INTRODUCTION

PHOSPHORUS is generally known as a harmful
element in steel. In the continuous casting process, the
strong segregation of P during solidification may lead to
internal quality problems, e.g. hot tear formation.
Increasing amounts of carbon and other alloying
elements lower the solidification temperatures and
possibly change the phase transformation path in the
peritectic range. As a consequence, the limited diffusivity
of P along the dendritic microstructure at decreased
temperatures and the low solubility of P in austenite
favor the interdendritic enrichment and cause an even
higher risk of crack formation in the casting process.!" ¥
However, despite the detrimental effects on the product
quality, phosphorus is partly added in steelmaking
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nowadays to improve various performance characteris-
tics of steel: (i) P acts as the most effective solu-
tion-hardening element in the steel matrix. This
strengthening mechanism is particularly used in the
production of High-Strength Interstitial-Free (HSIF)
steels.”! (ii) P is added up to 0.10 mass pct. to structural
steels in order to improve the atmospheric resistance.!®”!
(1i1) In transformation induced plasticity (TRIP) steels, P
stabilizes the retained austenite; amounts up to
0.10 wt pct are considered to show beneficial influence
on the TRIP effect.’]

Reliable phase diagram data in the high-temperature
range of the ternary Fe-C-P system are essential for
developing a comprehensive understanding of solidifi-
cation phenomena in P alloyed steels. In the present
study, high-temperature phase transformations of 37
model alloys in the Fe-P and Fe-C-P systems were
investigated using differential scanning calorimetry
(DSC) and high-temperature laser scanning confocal
microscopy (HT-LSCM). The DSC method has already
been used in previous works”!'” to characterize the
influence of alloying elements on the peritectic range and
determine melting equilibrium temperatures in Fe-C-X
isoplethal sections. Linking the DSC method with
HT-LSCM observations is a supportive and powerful
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tool to gain additional information on present phase
stabilities in the peritectic region and confirm the
interpretation of the DSC signal.l”!

The first part of this work deals with the reinvestiga-
tion of phase equilibria in the binary Fe-P subsystem in
the range 0.025 to 9 mass percent P. Due to the lack of
experimental literature data at low P compositions,
special focus was placed on compositions < 1 mass
percent P. In the second part, three isoplethal sections in
the Fe-C-P system were investigated. Model alloys with
Fe-C-0.10 wt pct P and Fe-0.20 wt pct C-P were pro-
duced according to the initial phosphorus composition
of P alloyed steel grades, whereas the additional section
with constant P/C mass percent ratio of 2 corresponds
to typical enrichments of C and P during solidification.
In the latter section, selected DSC measurements were
linked with HT-LSCM observations to visually identify
phase stabilities and estimate transformation tempera-
tures. The purpose of the present work is to provide new
experimental data for the further improvement of
thermodynamic databases and solidification models for
P alloyed steels.

II. LITERATURE REVIEW
A. Binary Fe-P System

As generally accepted from Okamoto,'! the binary
Fe-P system consists of three solution phases - liquid, fcc
(y) and bee (o, d)—and three stoichiometric compounds
(FesP, Fe,P and FeP). Although the existence of higher
order phosphides gFePz and FeP,;) was reported in
previous works!'? 1! the phase diagram on the P-rich
side is still unknown.!""! A large amount of experimental
phase diagram data was summarized in Okamoto’s
work ") However, depending on the reported experi-
mental technique and the trace element level in the
investigated alloys, the published measurements signif-
icantly differ. Particularly, for bec/liquid equilibria in
the Fe-rich part, hiFh deviations were identified in the
available data sets."®?? Solid phase equilibria in the
fce/bece gamma loop region were studied in References
23 through 25; the maximum solubility of P in fcc was
found to be 0.31 wt pct?? or 0.265 wt pet?® at 1150 °C.
Alloys with  phosphorus content higher than
0.69 wt pct?? or 0.59 wt pet,*! respectively, do not
show a bec/fce phase transformation in solid state. The
solubility of P in bcc between 550 °C and 1200 °C was
reported in References 26 through 29; a maximum value
of 2.8 mass pct. at the temperature 1048°C is generally
accepted.'"! The eutectic composition in the Fe-P
system is 10.2 mass pct. P.'YY From literature, various
thermodynamic assessments of the binary Fe-P system
are available.?* % However, for the present work only
assessments of the Fe-P systems that are being used in a
consistent description of the ternary Fe-C-P system are
of particular interest. Hence, the work of Shim ez al.*
was considered for the discussion of the present exper-
imental data. The calculated binary Fe-P phase diagram
along with experimental data from the References 16
through 29 is shown in Figure 1.
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Fig. I—Calculated binary Fe-P phase diagram according to Shim
et al? up to composition of FeP along with experimental data
from References 16 through 29.

B. Ternary Fe-C-P System

An extensive literature review of phase equilibria,
thermodynamic properties and crystallographic data in
the Fe-C-P system was presented by Perrot.*”) However,
since literature data on low amounts of phosphorus is
limited, only melting equilibria of Schiirmann et al.B¥
was taken to critically evaluate the present results in the
[pct P)/[pct C] = 2 section. From literature, two con-
sistent thermodynamic descriptions of the ternary
Fe-C-P system are available.2"*”) In both studies, the
authors considered their own optimization of the Fe-P
binary subsystems®!*?! and the most widely used Fe-C
thermodynamic description of Gustafson.*”! Shim
et al.®*) already reported higher correlation with exper-
imental data than that found in Gustafson’s study."
Therefore, the assessments of Shim es alP***! were
adopted to discuss the present results in the Fe-P binary
and Fe-C-P ternary system. All stable phases in the
ternary Fe-C-P system and their crystallographic data
are summarized in Table 1.

III. EXPERIMENTAL TECHNIQUES

A. Sample Preparation and Chemical Analysis

All samples investigated by DSC and HT-LSCM were
produced in a high-frequency remelting (HFR) furnace
“Lifumat-Met-3.3-Vac” from Linn High Therm GmbH.
Pure technical iron cylinders (99.9 mass pct. Fe), high
purity red phosphorus powder (98.9 pct, Alfa Aesar,
LOT# UO01C005), high purity aluminum wire (for
deoxidation) and a previously prepared Fe-4.4 pct C
alloy were used as the starting materials. The eutectic
Fe-4.4 pct C alloy was melted in a 20 kg induction
furnace using synthetic desulfurized graphite powder
(Alfa Aesar, LOT# BCBB5882). In order to guarantee
controlled melting in the HFR process, a hole was
drilled in the 50 g iron cylinders and filled with the
amount of alloying elements according to the defined
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Table I.  Crystallographic Data of Stable Phases Found in the Fe-C-P System!'!~"!

Phase Pearson Symbol Space Group Strukturbericht Prototype Denoted in Text
Liquid — — — — liquid
(yFe) cF4 Fm3m Al Cu fee
(aFe), (6Fe) cl2 Im3m A2 w bee
FesP tI32 14 DO, NisP —
FCQP hP9 Pézm C22 FezP —
FeP oP8 Pna2, — MnP —
FeP» oP6 Pnnm C18 FeS, (marcasite) —
FePy mP30 P2,/c — FeP, —

(P) white cH* — — (P) white P
FC3C oPl16 Pnma DO] 1 FC3C F€3C
C (gr.) hP4 P63/mmc A9 C (gr.) C

chemical composition. As powder-based red phospho-
rus may show high surface affinity to oxygen, samples
with a higher P amount ([pct P] > 0.1) were deoxidized
with 0.03 mass pct. Al. The melting process was carried
out in alumina crucibles under argon 5.0 over-pressure
atmosphere. After two minutes of homogenization by
inductive bath movement, the melt was centrifugally
casted into a copper mold. The final chemical analysis of
each sample was determined by (i) optical emission
spectroscopy (OES) for alloys with [pct P] < 0.1. The
OES of type OBLF QSG 750 was calibrated with
internal standards up to 0.35 pct P. (ii) In case of [pct P]
> 0.1, the samples were analyzed with an X-ray
fluorescence (XRF) spectrometer Thermo Fisher XRF
ARL 9900. The XRF spectrometer was calibrated up to
4 mass pct. P with results of inductively coupled plasma
(ICP) - OES. (iii) For alloys with P > 6 mass pct. the
chemical analysis was determined by ICP-OES. For
detailed chemical analysis and trace element levels of all
investigated samples, the authors refer to the electronic
supplementary material (ESM).

B. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is a proven method
to record phase transitions associated with an exother-
mic or endothermic enthalpy change. Detailed informa-
tion on the DSC technique and its application to the
characterization of high temperature phase transforma-
tions in Fe-C-X (X = Si, Mn, Al ...) systems can be
found in the References 9, 10, 41, 42. Measurements for
the present study were performed in a NETZSCH DSC
404F1 Pegasus with an Rh furnace (T,.c= 1.650 °C)
and a platinum DSC sensor with type S thermocouples.
Al,O3 crucibles (85 ul) and lids were used for all
experiments; in each measurement the reference was an
empty crucible. The protective tube of the Rh furnace
was purged permanently with Ar 5.0 (purity 99.999 pct).
In order to minimize oxygen levels at temperatures
higher than 350 °C, a thermally active zirconium getter
was placed directly below the DSC sensor. The exper-
imental setup was calibrated by measuring the melting
points of NETZSCH’s standards of pure metals In, Bi,
Al, Ag, Au, Ni and Co.
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The DSC signal depends strongly on (i) the sample
mass, (ii) the amount of heat change during the phase
transformation and gii) the heating rate (HR) applied in
the scanning mode.*?! For all experiments, a relatively
low sample mass of 50 mg was selected to guarantee
near-equilibrium conditions without any temperature
gradients inside the sample. Moreover, measurements
with small samples result in a sharp peak separation in
the DSC signal. Particularly during strong exothermic
or endothermic phase transformations, e.g. solid-liquid
equilibria, the transformation peaks have to be cor-
rected from the scanning mode signal to obtain the
equilibrium value. Within the classical method,*?! the
peak temperatures are determined at various heating
rates using new samples for each measurement. Finally,
the HR-dependent peak temperature is extrapolated to
an HR of zero °C/min, which corresponds to the
equilibrium value. However, this method is very time
consuming and a large number of samples have to be
prepared. NETZSCH’s Tau-R software!****! provides a
very effective way to exclude the setup influence on the
DSC signal in order to calculate the equilibrium data
from a single measurement. In the present study, the
validity of the Tau-R method was critically evaluated by
taking the example of a hypo-peritectic Fe-0.136 pct
C-0.105 pct P alloy. For detailed information on the
interpretation of DSC signals to determine phase
transformation temperatures in alloys (e.g. definition
of “onset” and “‘peak” temperatures) the authors like to
refer to the NIST Recommended Practice Guide.**! The
“onset” temperature represents the first deviation from
the stable base line and is associated with the beginning
of a phase transformation. A ‘“‘peak’ temperature is
defined as a local maximum of the DSC signal and
generally represents the end of the respective phase
transformation. In a first step, the classic HR variation
with 5, 7.5, 10, 15 and 20 °C/min was applied to
determine the equilibrium temperatures. The results of
the HR wvariation are presented in Figure 2. From
Figure 2(a) it can be seen that increasing heating rates
result in a stronger intensity of the DSC signal but shift
the liquidus temperature (77) and the end of the
peritectic reaction (7pg) to higher temperatures. The
numerical values of all phase transformation
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Fig. 2—DSC signal of the alloy B-VI (Fe-0.136 pct C-0.105 pct P) corrected to the baseline 0.0 mW/mg using different heating rates of 5, 7.5,
10, 15 and 20 °C (a) and analysis of the numerical results depending on the heating rate to determine the equilibrium temperatures at 0 °C/min

(b).

temperatures are plotted against the HR in Figure 2(b).
As expected, no influence of the HR was observed for
“onset” temperatures (fcc/bee transformation start tem-
perature Tgp and peritectic start temperature 7Tpg).
Hence, the final values of Tgp = 1455.7 °C and Tps =
1475.7 °C are given as average temperatures. In case of
Tpg and Ty, a clear dependence on the heating rate is
evident from Figure 2(b). In the present DSC set-up, a
linear correlation exists only from 0 to 10 °C/min,
whereas at higher HR of 15 and 20 °C/min, the DSC
system responds with a delay and the results of 77 and
Tpr show a parabolic function. In terms of accuracy
and reliability of the results, the HR variation for the
DSC set-up used is only valid in the range of 0 to 10 °C/
min and the linear extrapolation to 0 °C/min gives 71 =
1521.4 °C and Tp = 1483 °C.

Since the Tau-R calibration is only valid for a defined
heating rate, a suitable HR has to be sclected for the
entire experimental study. Based on the results of the
HR variation, the authors applied 10 °C/min within all
measurements: (i) between 0 and 10 °C/min the peak
temperatures show a linear correlation with the HR, (ii)
a short residence time in the high temperature range (>
1450 °C) reduces aging of the Pt/Rh thermocouples of
the DSC sensor, (iii) the measurement time is minimized
by guaranteeing a sufficient intensity of the DSC signal
at the same time and (iv) a heating rate of 10 °C/min
accords with suggestions from Reference 43. For the
Tau-R calibration, a comprehensive evaluation of the
calibration measurements (In to Co) was performed to
determine the temperature-dependent time constant
(Tau) and the thermal resistances (R) of the DSC set-up.
The performed Tau-R calculation of the 10 °C/min
measurement and the actual DSC signal are plotted for
comparisons in Figure 3. It can be seen that the
equilibrium peak temperatures of the Tau-R method
show a significant difference from the results in the
scanning mode (AT, = 6 °C and ATp g = 3°C), whereas
the onset temperatures Tgp and Tp s are not affected by
the Tau—R correction. Finally, the numerical results of
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Fig. 3—Comparison of the scanning mode signal and the Tau-R
calculation of alloy B-VI (Fe-0.136 pct C-0.105 pct P) for the 10°C/
min measurement.

the HR variation and the Tau—R method are summa-
rized in Table I1. The equilibrium values Tgp = 1455.7
°Cand Tps = 1475.7 °C from the heating rate variation
are in excellent agreement with the Tau—R calculation
(Tgp = 1455.6 °C and Tps = 1474.1 °C). The peak
temperature Tpr = 1483 °C is exactly reproduced and
the deviation of 77 is within & 1 °C, which is below the
typical errors of & 1.5 °C in DSC measurements.””) The
really good correlation between both methods confirms
the application of the Tau—R software in the present
study.

The detailed time-temperature-gas programs for the
DSC analysis are visualized in Figure 4. For each alloy,
a “slow” temperature cycle was defined for the first
measurements and a “‘rapid” program for the second
ones. Both DSC programs start with three evacuations
and purging cycles followed by 45 minutes of intensive
purging with 150 ml/min Ar at 25 °C. In order to
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Table II.

Numerical Results of the Heating Rate Variation and the Tau-R Calculation for Alloy

B-VI(Fe-0.136 Pct C-0.105 Pct P)

Equilibrium
Heating Rate Variation in the DSC Temperatures
Temperature Phase Equilibrium
5 7.5 10 15 20
[°C/ [°C/ [°C/ [°C/ [°C/ Regression Tau-R
min] min] min] min] min] 0 [°C/min] R’ [°C]
Onset: Tgp  (fcc — fec + bee) 1455.1 14553 1456.6  1456.1 14554 1455.7*  —  1455.6
Onset: Tps  (fcc+ bec — fec+ liquid + bece) 1476.0 14763 14753 1476.0  1474.7 147570 —  1474.1
Peak: Tp g (fcc+ liquid +bec — liquid + bee)  1484.3 14852 14857  1487.1  1488.1 1483.0°  0.97 1483.0
Peak: T (bee+liquid — liquid) 15243 1525.1  1527.0 15283  1530.2 1521.4° 095 1520.7

#Onset temperature shows only a minor dependency on the heating rate; the equilibrium value is averaged from 5 to 20 °C/min measurements.

Peak temperature is dependent on heating rate; the equilibrium value is linearly extrapolated to a heating rate of 0 °C/min.
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Fig. 4—Time-Temperature—Gas program of the DSC measurements.

activate the Zr getter, the first heating is carried out
quickly (30 °C/min) to reach temperatures above 350 °
C. The “slow” measurement starts at 450 °C with an
isothermal segment for 15 minutes to activate the Zr
getter and stabilize the temperature field in the DSC.
Then, the actual measurement starts with a constant
heating rate of 10 °C/min and an argon flow rate of 70
ml/min up to 20°C above the expected liquidus temper-
ature. Based on the analysis of the “slow” temperature
cycle, the “rapid” program starts at 100 °C below the
first detected phase transformation using a new sample.
The typical start temperature is between 600 and 700 °C.
In comparison with the ‘“slow” measurement, the
starting segment is carried out at a significantly higher
temperature. During the 15 min isothermal segment, the
Zr getter is activated and the sample is annealed in-situ
in order to favor diffusion equalization of alloying
elements in the sample matrix. Again, the actual
measurement is performed with an HR of 10 °C/min
and 10 °C superheating above 7}. During cooling from
Ty to room temperature (— 30 °C/min) under pure
atmosphere, strong nucleation phenomena may result in
remarkable supercooling of the phase transformation,
particularly in the case of small sample masses.!*>4¢
Since the results were not reproducible, the cooling cycle
was not considered in the evaluation of the DSC signal.
To compensate aging of the Pt/Rh thermocouples of the
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DSC sensor, recalibration of the DSC was carried out
after every ten measurements with Ag and Co.

It has to be noted that the experimental methodology
presented focuses particularly on a highly accurate
determination of the phase transformation tempera-
tures, but not on measurements of the Cp (7) values.
Hence, increased deviations of more than 10 pct have to
be considered in the change of heat. Standard deviations
of the evaluated phase transformation temperature from
at least two independent measurements can be found in
the ESM. In general, the authors suggest typical errors
of £ 5 °C for solid-solid transitions with only minor
change in heat and £ 2 °C for solid-liquid phase
transformations. The error bars are similar to the
previous investigations in Reference 9.

C. In Situ Observations of Phase Transformations Using
HT-LSCM

To successfully determine the peritectic range of
isoplethal Fe-C-X sections by means of the DSC
method, a number of samples with varying carbon
content are required to reconstruct the high temperature
phase diagram. However, within measurements of
individual alloys and particularly at carbon composi-
tions between 0.12 and 0.18 mass pct., difficultiecs may
arise in assigning the peritectic peak detected in the DSC
signal to a hypo-peritectic phase transformation path,
where fcc+ bee « fee+ bee + liquid, or a hyper-peritec-
tic behavior, where fcc+liquid < fcc+ bee +liquid. In
such cases, high temperature laser scanning confocal
microscopy (HT-LSCM) can be a valuable tool to define
the phase stabilities within the observed temperature
range.”) HT-LSCM enables real time monitoring of
microstructure changes by combining laser scanning
confocal optics and an infrared heating furnace. Due to
the special set-up, high resolution images can be
recorded up to the liquid state. A detailed description
of the HT-LSCM method can be found in the Refer-
ences 47 through 50.

Within the present work, two alloys selected from an
isoplethal section were examined in an HT-LSCM type
VL2000DX-SVF17SP from Lasertec to (i) investigate
phase stabilities in the peritectic phase equilibrium and
(i1) characterize the solidus temperature of a

VOLUME 51A, OCTOBER 2020—5355



hyper-peritectic alloy. Therefore, small samples of 5 x 5
x 1.5 mm were cut, ground and polished using the same
basic material used for the DSC analysis. For the
experiments, the samples were placed on the sample
holder in the gold coated, elliptical HT furnace followed
by an evacuation of the furnace chamber and flushing
with high purity Ar. All samples were heated rapidly
(+100°C/min) from RT to a holding temperature of at
least 50 °C below the specific phase transformation start
temperature determined by the DSC measurements.
After annealing for 2 minutes, further heating was
performed using a low-heating rate of 10 °C/min to a
defined end temperature. Final cooling to RT was done
using a cooling rate of — 400 °C/min. Temperature
control is performed using a type S thermocouple
situated at the bottom of the sample holder. In order
to determine the exact temperature value of the sample
surface, temperature referencing must be executed
before every experimental campaign using an external
thermocouple welded to the test-sample surface.
Throughout the experiment, a video is recorded with a
maximum frame rate of 60/s, enabling detailed studies
of occurring microstructure changes post
experimentally.

IV. RESULTS AND DISCUSSION

All thermodynamic calculations were performed with
the thermochemical software FactSage.®! In order to
provide a better overview of the present results, tables in
this chapter summarize the average phase equilibrium
temperatures higher than 900 °C and the determined
Curie Temperature (7¢) along with the chemical com-
positions of the main elements C and P. For detailed

information on trace element levels in the samples,
determined phase transformation temperatures below
900 °C and standard deviations of measured phase
transformation temperatures, the authors refer to the
supplementary Table S-I, Table S-1I, Table S-III and
Table S-IV.

A. Phase Equilibria in the Binary Fe-P System

The results of the DSC analysis for all binary Fe-P
alloys are given in Table III. Phase equilibrium temper-
atures denoted with “-¥” were not accurately measure-
able due to the limited resolution of the DSC method in
the solid fce/bee eqbuilibrium region. Phase transforma-
tions marked by “-” are not present in the assessment
of Shim et al*¥ and were not detected in the DSC
signal.

The calculated iron-rich part of the Fe-P system™* up
to 14 mass pct. P along with the DSC results and
experimental data from References 16 through 29 is
given in Figure 5. Within the literature research, a lack
of experimental melting equilibrium data was identified
at [pct P] < 1. In this composition range, the precise
knowledge of the solidus temperature 75 and liquidus
temperature 77 is of particular importance to charac-
terize the influence of P on solidification phenomena in
steel, e.g., microsegregation. In the present study, DSC
analysis of samples with 0.026 to 1.18 mass pct. P (A-I
to A—XI, see Table III) shows significant lower melting
equilibrium temperatures than those predicted by Shim
et al®? At 1 mass pct. P, the maximum deviations are
ATsmax = 50 °C and ATy jux = 10 °C at the liquidus
phase boundary. With an increasing amount of P (1 to
2.5 mass pct.), the measured solidus temperatures
become more consistent with the calculated ones.”

113

Table III. Chemical Composition and Determined Phase Equilibrium Transformation Temperatures of Investigated Fe-P Binary
Alloys
P Curie Tc o+ y—y y—oty oty o—a+ Liquid o+ FesP—a+ Liquid Liquidus

Alloy [Mass Pet] [°C] [°C] [°C] [°C] [°C] [°C] [°C]
A-1 0.026 765.9 924.4 1389.4 1400.3 1527.5 b 1535.1
A-11 0.044 765.2 937.0 1377.7 1385.9 1523.8 b 1534.9
A-III 0.102 763.8 958.2 1367.7 1380.8 1513.3 b 1532.4
A-1V 0.147 767.0 999 4 1341.9 1359.0 1504.7 b 1529.1
A-V 0.322 757.2 b b 1320.2 1474.6 b 1525.3
A-VI 0.419 758.5 b —b 1272.4 1454.0 —b 1520.5
A-VII 0.480 756.9 _b b _a 1450.7 _b 1520.9
A-VIII 0.660 751.8 _b —b _a 1420.2 b 1515.0
A-IX 0.700 751.6 b b _b 1407.6 b 1512.8
A-X 0.970 742.7 b —b b 1348.9 —b 1502.6
A-X1I 1.180 738.5 b b _b 1321.5 b 1497.1
A-XII 1.980 720.1 _b —>b —b 1189.5 —b 1468.1
A-XIIT 2.300 721.5 b b b 1108.3 b 1452.4
A-XIV 3.700 745.9 b —b —b b 1039.7 1405.1
A-XV 5.870 748.6 b b _b _b 1042.1 1316.2
A-XVI 6.480 748.5 —b b b —b 1039.1 1273.9
A-XVII 7.570 748.5 b b _b _b 1038.8 1206.2
A-XVIII 9.080 748.6 b —b —b b 1037.2 1134.8

“Not accurately measurable with the DSC method.
"Not present according to DSC and thermodynamic assessment of the Fe-P system[*”!
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As evident in Figure 5, the experiments indicate that P
has a stronger effect on decreasing the liquidus temper-
ature of bec along the whole composition range. The
reconstruction of the phase boundary lines in the
bee + liquid + FesP  equilibrium  using the present
DSC data gives maximum solubility of P in bce of 2.7
mass percent at the eutectic temperature of 1041 °C,
whereas the eutectic composition is 10.26 mass pct. P.
These results are in very good agreement with the
generally accepted values from Okamoto.'"! In com-
parison with experimental melting data from References
16 through 22, the DSC measurements show high
correlation with the most recently gubhshed equlllbra-
tion data of Morita and Tanaka.*”) However, in their
work, the determined amounts of P in bcc and liquid
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Fig. 5—Calculated iron-rich part of the Fe-P SP/stem according to
the thermodynamic assessment of Shim er al®? along with the
present results. Experimental literature data are taken from Refs.
16-29.
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using microprobe analysis are strongly deviating. Hence,
the present results are more reliable in order to
accurately model the solidus and liquidus phase bound-
aries in future thermodynamic modeling work regarding
the Fe-P system.

The gamma loop region of the Fe-P system is shown
in Figure 6(a). In general, two trends of P solublhtg
fcc and bee exist according to the hterature data.> 23
The study of Roquet and Jegaddn 'is in agreement
with the work of Lorenz er al.*¥, whereas the present
results correlate with the medsurements of Fischer
et al'®!. Although Lorenz er al® and Fischer
et al used the same experimental equipment, the
maximum solubility of P in fcc and bec differ from each
other. The deviation can be assigned to the trace element
levels of fcc stabilizing elements (C, Mn, N) in the
samples produced. Even small amounts of carbon
increase the P solubility in fcc and will shift the gamma
loop to higher amounts of P. As given in the supple-
mentary Table S-I and Table S-111, alloys investigated in
the present study show very low amounts of impurity
elements. Similar chemlcal analysis was reported in the

work of Fischer ef al.”* (C < 50 ppm, Si < 50 ppm, Mn
<10 ?pm, S <50 ppm, N < 40 ppm). Hence, these data
setsiare considered as the most reliable for calculating
solid state equilibrium between fcc and bec. The
assessment of Shim er al.*? is in reasonable agreement
with the present study, but inconsistencies in selected
data from References 24, 25 were pointed out, which
should be resolved in future thermodynamic assess-
ments. The measured critical temperature 7¢ (Curie
temperature) of the bce solution phase as a function of
the P content along with experimental data from
References 18, 19 is plotted in Figure 6(b). In all studies,
a decrease in the Curie temperature at higher P content
was observed. Although the work of Shim er all*
reproduces the present results satisfyingly well up to
0.50 mass pct. P, remarkable differences (AT = 10 °C)
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9 760 8
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8_ BCC (ferromagn.) BCC
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2 70} 7
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o Houghton(1927)
730 | & Vogel (1929)
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----Tgline (BCC), present study

720 1 1 1 1 Il
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

L= 1

mass pct. phosphorus
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Fig. 6—Gamma loop in the Fe-P system (a) and Tc line in bee (b) according to the thermodynamic assessment of Shim er al.*?! along with the

present results.
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Experimental literature data are taken from Refs. 18, 19, 23 through 25.
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can be found at compositions close to the bec/bec + FesP
phase boundary.

B. Isoplethal Sections Fe-C-0.10 pct P and Fe-0.20 Pct
C-P

In general, the peritectic range of the binary Fe-C
system can be divided into four different phase trans-
formation paths according to the characteristic points
ca, ¢ and cc.” ' At C content lower than c, = 0.09
mass pct. C,*" steel solidifies/melts in bee-Fe structure.
Between c, and cg = 0.17 mass pet. C1*% the peritectic
transformation coincidences with the final solidifica-
tion/first melting of the alloy. From cg to 0.53 mass pct.
C (=cc, " the peritectic transformation takes place in
the solid/liquid two-phase region. In case of [pct C] >
0.53 mass pct., the steel melts/solidifies in fcc-Fe
structure. The phase transformation paths I - IV are
summarized in Table IV. In isoplethal Fe-C-X (X=Si,
Mn, Al, ...) systems, the alloying element X may
significantly shift the characteristic points depending
on acting as bcc stabilizing element (e.g. Si, Al) or as fcc
stabilizing element (e.g. Mn).>"1%

Numerical results of the DSC measurements in the
isoplethal sections Fe-C-0.10 pct P and Fe-0.20 pct C-P
are summarized in Table V and represented graphically
in Figures 7(a) to (c). Depending on the carbon content,
the experimentally determined phase transformations in
the peritectic range of the Fe-C-P systems can be divided
into four different paths, as follows-'%:

e Samples B-1 to B-III (0.004 to 0.059 mass pct. C)
show separated solid fcc—bcce transformation and
melting of the bcc phase (““Path I”) in the DSC
signal. The amount of carbon is to the left of the
characteristic point ca.

e Samples B-IV to B-VI (0.096 - 0.136 mass pct. C)
and B-VII to B-1X (0.203 to 0.378 mass pct. C) show
a peritectic peak during melting. Between 0.096 and
0.136 mass pct. C, the measured fcc—fcc + bee phase
transformation start temperature continuously
increases with increasing carbon content, whereas
the peritectic start temperature (fcc+ bec—fec+lig-
uid + bee) decreases. Therefore, samples B-IV to
B-VI are identified as ‘“hypo-peritectic” alloys
(““Path II”’) between points cp and cg.

e In the composition range 0.230 to 0.378 mass pct. C,
the investigated samples B-VII to B-IX show a
decrease in the solidus temperature (fcc—fcc+lig-
uid) and a slight increase in the peritectic start
temperature (fcc+ liquid—fce+ liquid + bec). B-VII
to B-IX are ‘“hyper-peritectic” and correspond to
“Path III” between the characteristic points cg and
Cc.

e Samples B-X to B-XII (0.69 to 1.38 mass pct. C)
only show a melting peak of the fcc phase, defined as
“Path IV.” The carbon content is to the right of cc.

e Based on the observations in the Fe-C-0.10 pct P
section, the phase transformations of the samples
investigated in the Fe-0.20 pct C-P system (C-I to
C-III) can be assigned to “Path III.”
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The pre-identification of hypo-peritectic steel compo-
sitions (liquid + bcc—bec + fec) is essential for guaran-
teeing a successful process control in continuous casting.
Steel grades in the hypo-peritectic range show strong
contraction behavior during solidification that causes
non-uniform shell formation, mold-level fluctuations, a
higher risk of crack formation and in the worst case,
break outs.®> ¥ The experimentally determined
hypo-peritectic carbon composition at 0.10 mass pct.
phosphorus is between 0.084 and 0.147 mass pct.
carbon. Shim et al®” underestimated the stability of
the liquid phase, which results in a hypo-peritectic range
of carbon content between 0.08 to 0.185 mass pct. C.
Furthermore, it is evident from Figures 7(a) through (c)
that the thermodynamic assessment proposed by Shim
et al® results in a higher solidus temperature, as found
in the present experiments. At the liquid/fcc equilibrium,
the difference of Ty is even more pronounced (25 °C)
than at the bec/liquid equilibrium (10 °C). As the same
deviations were also identified in the binary Fe-P system,
the systematic difference in the solidus temperature may
be attributed to the thermodynamic description of the
liquid phase in the binary system.

C. Linking the DSC Method and HT-LSCM
in the Isoplethal Section with Mass Percent Ratio P/C
of 2

The phase equilibrium temperatures measured in the
isoplethal Fe-C-P section with a ratio of [pct P]/[pct C]
equals 2 are summarized in Table VI. Temperatures
denoted with ““(a)”” were determined by the DSC method
and values marked with “(b)” by HT-LSCM analysis.
Since the [pct P]/[pct C] ratio in the investigated samples
varies between 1.88 and 2.5, all phase diagrams®®! in this
chapter were performed for two different [pct P]/[pct C]
ratios of 2 and 2.5.

Figures 8(a) and (b) show the DSC signals of samples
D-I and D-II, the Present results along with thermody-
namic calculations®®” and the HT-LSCM observations.
The DSC offset was corrected to the baseline of 0.0 mW/
mg and the DSC signal is presented considering the
Tau-R calculation as described in Chapter 3.2.

During the heating of alloy D-I (0.17 pct C-0.43 pct
P), first clear deviations from the DSC baseline can be
found at 1359.1 °C. At 1416.9 °C the peritectic reaction
starts, which is completed at 1456.6 °C. The DSC signal
peak at 1507 °C corresponds to the liquidus temperature
of the bce phase. As can be seen in the phase diagram of
Figure 8(a), the carbon amount of 0.17 pct C in alloy
D-I is very close to the change of the transformation
sequence from fcc—fce+bec (“hypo-peritectic”) to
fcc—fec+liquid  (“hyper-peritectic”’). In this case,
HT-LSCM was applied to identify the correct present
phase stabilities in the high temperature range. Based on
the DSC results, the annecaling temperature in the
HT-LSCM was chosen to be 1300 °C. After 2 minutes
of isothermal holding, further heating was performed
with a heating rate of 10 °C/min. Within the range of
constant heating, the material first shows a fully
austenitic structure undergoing constant grain growth.
At 1370 °C, the first liquid phase can be observed at the
grain boundaries, attesting a hyper-peritectic behavior
of alloy D-I; see Figure 8(a-III). The determined value
of 1370 °C is in very good agreement with the results
from the DSC measurements (A7 ~ 10 °C). Thermody-
namic calculations using the assessment of Shim ez al.*”!
predict a hypo-peritectic transformation path and a
significantly higher phase transformation start temper-
ature (fcc—fcc+bee) of 1386.59 °C, as found in the
DSC measurements.

In the case of alloy D-II (0.34 pct C-0.76 pct P), first
noticeable deviations from the DSC baseline are
observed at 1194.2 °C. At 1457.1 °C, the sharp increase

Table V. Chemical Composition and Determined High-Temperature Phase Equilibrium Transformation Temperatures of
Investigated Fe-C-0.10 Pct P and Fe-0.20 Pct C-P Ternary Alloys

C P
[Mass [Mass y—y+d y+d—0 6—20+L y+o—>y+d+L y—>y+L yp+L—y+0+L y+d+L—6+L Liquidus

Alloy  Pet]  Pef]  [C]  [C]  [C] [Cl [C] [C] [°C] [°C]

B-1 0.004 0.107 13594 1373.0 15139 —* —* —* —* 1531.1
B-1I 0.033 0.106 1380.1 14212  1501.8 —* —* —* —* 1529.3
B-111 0.059  0.108 1401.3 14529  1486.8 —* —* —* —* 1527.5
B-IV 0.099 0.110 1429.1 —* —* 1471.9 —* —* 1479.0 1524.6
B-V 0.096 0.101 14255 —* —* 1472.4 —* —* 1477.9 1525.1
B-VI 0.136  0.105 14524 —* —* 1475.2 —* —* 1482.7 1520.6
B-vil 0203 0.106 —* —* —* —* 1448.3 1480.6 1485.8 1515.9
B-vIll 029  0.110 —* —* —* —* 1424.8 1487.6 1488.3 1507.6
B-1X 0.378  0.106 —* —* —* —* 1410.6 1490.0 1490.4 1500.8
B-X 0.690 0.099 —* —* —* —* 1357.7 —* —* 1478.3
B-XI 1.000 0.099 —* —* —* —* 1303.1 —* —* 1457.8
B-XII 1380 0.101 —* —* —* —* 1234.4 —* —* 1427.7
C-1 0.206  0.057 —* —* —* —* 1460.7 1486.9 1489.8 1517.5
C-1I 0.199 0.103 —* —* —* —* 1445.5 1480.1 1485.9 1516.3
C-111r 0203 0.158 —* —* —* —* 1428.5 1472.4 1481.5 1514.6

*Phase transformation not present according to the experimental investigations of the pseudo-binary Fe-C-P system.
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in the DSC signal corresponds to the start of the
peritectic phase transformation. The three-phase equi-
librium (bcc+ fec+liquid) is stable only in a very small
temperature interval up to 1460.3 °C. Above 1481.7 °C
the alloy is in the complete liquid state. It is evident from
the DSC signal and the phase diagram that alloy D-II
shows a two-phase equilibrium (fcc +liquid) tempera-
ture interval of more than 250 °C, resulting in only a
minor change in heat when the temperature during
heating reaches the solidus line. In order to confirm the
determined solidus temperature in the DSC signal of
Figure 8(b-I), alloy D-II was rapidly heated up to 1175
°C in the HT-LSCM, annealed for 2 minutes and
subsequently heated to an end temperature of 1325°C.
Similar to alloy D-I, annealing and further heating with
10 °C/min takes place in the fully austenitic region.
When reaching 1210 °C, melting of the fcc phase can be
observed. The material remains in the fcc/liquid

1550 T T T T T T
BCC+ LIQUID Fe-C-0.10wt%P
\ .
LIQUID Shim et al. (2000)
1500 A present study
LIQUID+BCC - === solidus line (exp.)
— 14 +FCC
) 50
[
(]
5 1400
= LIQUID+FCC
S
2 1350 .
£
[
-
1300 -
c, (exp.) = 0.084wt%C R
1250 - Cg (exp.) = 0.147wWt%C T
cc (exp.) = 0.458Wt%C RN
1200 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
mass pct. carbon
(a)
T T T T
LIQUID
1500 m
N
o FCC+LIQUID
S 1400 | \
=
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1300
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A present study
----solidus line (exp.)
BCC+FCC
1200 - 1 - 1 . 1 + 1
0.0 0.2 0.4 0.6 0.8 1.0

mass pct. phosphorus

()

two-phase region up to the final temperature. The
HT-LSCM observations again highly correlate with the
DSC result of 1192.2 °C (AT ~ 15 °C). Calculations
using the assessment of Shim ez al.B%! give Tg = 1255.5
°C, which corresponds to a difference of more than 60
°C compared with the experimental results of the
present work.

The results of samples D-III (0.68 pct C-1.275 pct P)
and D-IV (1.36 pct C-2.96 pct P) are given in
Figures 9(a) and (b), respectively. The sharp increase
in the DSC signal of alloy D-III at 996.4 °C results from
partial melting (fcc+ FesP—fcc+ FesP+liquid) of the
sample. At 1002.7 °C, the reaction fcc+ FesP +1ig-
uid—fcc+liquid is completed according to the peak in
the DSC signal. The liquidus temperature of fcc was
obtained at 1421.7 °C. First melting of sample D-IV
(1.36 pct C-2.96 pct P) was detected at 956.2 °C. This
temperature corresponds to the ecutectic phase

1550 T T T T T
Fe-C-0.10wt%P
Shim et al. (2000) |
A present study
----solidus line (exp.)

LIQUID

1500

LIQUID+BCC
+FCC
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temperature [°C]
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cc (exp.) = 0.458wt%C
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"hypo-peritectic”
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Fig. 7—Calculated vertical sections in the Fe-C-P system!*”! along with present results: Fe-C-0.10 pct P (a), peritectic range in Fe-C-0.10 pct P
(b) and Fe-0.20 pct C-P (¢).
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Table VI. Chemical Composition and Determined High-Temperature Phase Equilibrium Transformation Temperatures in the
Fe-C-P Vertical with [pct P]/[pct C] = 2
C P P/C Ratio y+L—y+d+L y+0+L—0+L Solidus Liquidus
Alloy [Mass Pct.] [Mass Pct.] [—] [°C] [°C] [°C] [°C]
D-I 0.170 0.430 2.53 1416.9* 1456.6* 1359.1* 1507.0%
1370.0°
D-I1 0.340 0.760 2.24 1457.1* 1460.3* 1194.2% 1481.7%
1210.0°
D-III 0.680 1.275 1.88 — — 996.4* 1421.7¢
D-1V 1.360 2.960 2.18 — — 956.2° a
“Determined by the DSC method.
®Determined by HT-LSCM.
14 ——T——TT—T T T T 1550
D-l (Fe-0.17%C-0.43%P) 1456.6 °C 1507 °C
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T =0 et (] BCC T
ES O 1450 =
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Fig. 8—Results of linking DSC and HT-LSCM for samples D-I (a) and D-II (b) showing the DSC signal (I), the calculated phase diagram along
with the present experimental data (II) and the HT-LSCM observation of present phase transformations (I1I).

equilibrium in the ternary Fe-C-P system (fcc+ FesP +
Fe;C/fcc+ FesP +liquid) and highly correlates with the
generally accepted values of 952 °CE7-31 and 955 °C 3%
Above 967.8 °C only fcc and liquid phases are stable; the
liquidus temperature was found to be 1319.6 °C. In
general, the phase diagrams in Figure 9 are in satisfying
agreement with the DSC measurements. Particularly at
temperatures lower than 1000 °C, precise prediction of
phase equilibrium temperatures was achieved in the
work of Shim er al.**! However, higher deviations can
be found at the liquidus temperature (AT ~20°C).
Finally, the results of samples D-I to D-1V are presented
along with the calculated phase diagram in Figure 10.
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V. CONCLUSION AND OUTLOOK

The purpose of the present work was to provide new
phase diagram data for the improvement of thermody-
namic databases and solidification models for P alloyed
steel grades. Therefore, high temperature phase equilib-
ria in the binary Fe-P system and three isoplethal
sections in the ternary Fe-C-P system were characterized
by means of differential scanning calorimetry (DSC).
NETZSCH’s Tau-R software***! was critically evalu-
ated and successfully used to optimize the efficiency of
the DSC measurements by guaranteeing equilibrium
conditions at the same time. The binary Fe-P subsystem
was reinvestigated in the range 0.025 to 9 mass percent
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Fig. 9—Results of DSC measurements for samples D-III (¢) and D-IV (b) showing the DSC signal (I) and the calculated phase diagram™” along
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P. The two isoplethal sections Fe-C-0.10 wt pct P and
Fe-0.20 wt pct C-P represent the initial phosphorus
composition of P alloyed steel grades, whereas a third
section with constant P/C mass percent ratio of 2
corresponds to the typical interdendritic enrichments of
C and P during solidification. In the latter section,
selected DSC measurements were linked with high
temperature laser scanning microscopy (HT-LSCM)
observations to visually identify phase stabilities in the
peritectic range. In the binary Fe-P system, significant
differences were found between the DSC results and the
most widel%/ accepted thermodynamic assessment of
Shim er al®? In the composition range [pct P] < 1,
deviations up to 50 °C between the calculated and
measured solidus temperatures were obtained. Although
phase equilibria in the fcc/beec gamma loop region are in
high agreement with the most recent data of Fischer
et al®! the experiments show inconsistencies with the
calculations.?” Similar to the binary system, experi-
mental results in the ternary Fe-C-0.10 wt pct P and
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Fe-0.20 pct C-P sections indicate higher stability of the
liquid phase than that found in the optimization.*! The
experimentally determined peritectic range in the
Fe-C-0.10 wt pct P section is between 0.084-0.147 mass
pet. C, whereas the calculations®” predict C composi-
tion 0.08-0.185. In the [pct P]/[pct C] equals 2 section,
HT-LSCM was successfully applied to identify the
present phase stabilities (fcc/bec/liquid) within in the
investigated temperature range and the observations
highly correlate with results from the DSC measure-
ments. The present experimental data can be used to
refine previous thermodynamic modeling of the Fe-P
and the Fe-C-P ternary system in a CALPHAD frame-
work. The revised thermodynamic modeling of the two
systems by the present authors is available elsewhere.>”
This work gives much improved thermodynamic
description of the two systems, which certainly yields
better prediction of thermodynamic calculation for
segregation behavior in these system during casting or
cooling.
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Paper I

Critical evaluation and thermodynamic modeling of the Fe—P and Fe-C-P

system
M. Bernhard, Y.-B. Kang, P. Presoly, A.E. Gheribi and C. Bernhard
CALPHAD, 2020, vol. 70, art. no. 101795.

Abstract: Phosphorus is known to be a strongly segregating element in steel; even small
amounts influence the solidification phenomena and product quality during casting processes.
In order to provide an accurate prediction tool for process control in steelmaking, a CALPHAD-
type thermodynamic optimization of the Fe—C—P system was performed including modeling of
the binary Fe—P subsystem. The liquid phase was modeled using the Modified Quasichemical
Model (MQM) in the pair approximation, which generally yields better results for strong short-
range ordering (SRO) tendency in the solution. The solid bce and fce solutions were described
using the Compound Energy Formalism (CEF). In addition, ab-initio calculations were
performed to estimate the enthalpies of formation of the corresponding end-member for fcc
and bcc, respectively. The phosphides Fe3P, Fe2P and FeP were treated as stoichiometric
compounds. Higher order phosphides were not considered, since there is no reliable
experimental information available in literature. The present model successfully reproduces
most of the literature data within the experimental uncertainty in the Fe—C—P system without
introducing a ternary parameter for the liquid phase. Compared with previous thermodynamic
assessments, the agreement with recently published thermal analysis measurements of Fe—P

and Fe—C-P alloys is significantly improved.
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ABSTRACT

Phosphorus is known to be a strongly segregating element in steel; even small amounts influence the solidifi-
cation phenomena and product quality during casting processes. In order to provide an accurate prediction tool
for process control in steelmaking, a CALPHAD-type thermodynamic optimization of the Fe-C-P system was
performed including modeling of the binary Fe-P subsystem. The liquid phase was modeled using the Modified
Quasichemical Model (MQM) in the pair approximation, which generally yields better results for strong short-
range ordering (SRO) tendency in the solution. The solid bcc and fec solutions were described using the Com-
pound Energy Formalism (CEF). In addition, ab-initio calculations were performed to estimate the enthalpies of
formation of the corresponding end-member for fcc and bee, respectively. The phosphides FesP, FeoP and FeP
were treated as stoichiometric compounds. Higher order phosphides were not considered, since there is no
reliable experimental information available in literature. The present model successfully reproduces most of the
literature data within the experimental uncertainty in the Fe-C-P system without introducing a ternary
parameter for the liquid phase. Compared with previous thermodynamic assessments, the agreement with

recently published thermal analysis measurements of Fe-P and Fe-C-P alloys is significantly improved.

1. Introduction

As phosphorus is generally known as a critical element in steel, the
production of low-phosphorus, high quality steel is state-of-the-art in
modern steel production. Particularly in continuous casting, higher
levels of phosphorus can cause serious problems in the process. During
solidification, phosphorus strongly segregates in interdendritic regions
and favors the formation of internal cracks. In medium carbon and high
carbon steels, the segregation tendency and crack sensitivity increase
due to the strong interaction with carbon and a change in the crystal-
lization sequence [1-4]. However, in recent steel design, phosphorus has
also been used as an alloying element in steel grades for automotive
applications. Phosphorus is added to Interstitial-Free (IF) alloying con-
cepts as an effective solution hardening element [5]. In
Transformation-Induced-Plasticity (TRIP) steels, phosphorus partly
substitutes silicon and aluminum in order to suppress the precipitation
of carbides and stabilize the retained austenite [6]. Hence, reliable
thermodynamic databases are required as a basis for the metallurgical
process models to guarantee a successful process control for casting

* Corresponding author.
E-mail address: ybkang@postech.ac.kr (Y.-B. Kang).

https://doi.org/10.1016/j.calphad.2020.101795

phosphorus alloyed steel grades.

The binary Fe-P system has been modeled several times in the past
[7-13]. Spencer and Kubaschewski [7] combined available published
experimental data with estimated heat capacities and entropies of
phosphides to provide a thermodynamic set of parameters for this sys-
tem. In later work, Gustafson [8] assessed the system particularly in the
Fe-rich side up to 50 atomic percent of P. Extensive work has been
performed by Shim et al. [9] considering new thermodynamic activity
data of the liquid solution and measured heat capacities of phosphides
[14]. Cao et al. [12] performed a thermodynamic reoptimization of the
Fe-P system over the whole composition range. Miettinen and Vassilev
[13] published a description of the Fe-P system in the framework of
developing a consistent Fe-P-X thermodynamic database. Shim et al.‘s
[9] model parameters of the liquid phase were accepted with minor
modifications of the parameters for the fcc and bee phase and change in
the P reference state from red to white phosphorus. A thermodynamic
model for calculating the mass action concentrations of structural units
in the binary Fe-P liquid phase was developed by Yang et al. [15] based
on the atom-molecule coexistence theory. Based on their own binary
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Fe-P description and the most accepted Fe—C model [16], Gustafson [8]
and later Shim et al. [17] assessed the ternary Fe-C-P system. Within
their work, activity of the liquid phase, liquidus projections and several
vertical and isothermal sections were considered.

Recently, four of the present authors reinvestigated the binary Fe-P
system and various vertical sections of the Fe—-C-P system by means of
differential scanning calorimetry (DSC) [18]. Obviously, there are still
discrepancies between calculated and measured phase equilibria tem-
peratures using available thermodynamic assessments, particularly with
respect to solidification. In previous assessments [8-13,17], the
Bragg-Williams (BW) random mixing model was used to formulate the
Gibbs energy of the liquid phase. The binary Fe-P liquid phase exhibits a
strong short-range-ordering (SRO) tendency, which is difficult to take
into account with the BW model. Hence, the Modified Quasichemical
Model (MQM) in the pair-approximation [19,20] was applied in the
present study, due to its better performance in solutions with strong
SRO. The solid fcc and bee solutions were described by the Compound
Energy Formalism (CEF) [21] with two-sublattices. FegP, FeoP and FeP
phosphides were treated as stoichiometric compounds. Higher order
phosphides were not considered, since there is no reliable experimental
data available in literature. Model parameters of the sub-binary Fe-C
system are taken from the work of Shubhank and Kang [22] and Gus-
tafson [8]. The main purpose of the present work is to provide a set of
thermodynamic parameters to reproduce the DSC data of M. Bernhard
et al. [18] more accurately, in consideration of extensive experimental
literature data.

2. Literature review

There is a large variety of thermodynamic and phase diagram data
available in literature. A review of experimental investigations of the
Fe-P system up to 1990 was given by Okamoto [23]. Perrot [24] sum-
marized phase relations, crystallographic data and material properties
in the Fe-C-P system. Another extensive literature review is not
repeated in the present work, but published data with relevance to the
optimization will be reported briefly.

2.1. Fe-P system

Schiirmann et al. [25] indirectly derived the integral enthalpy of
mixing at 1550 °C from calorimetric measurements in a
high-temperature calorimeter in the composition range up to 33 at% P.
Urbain [26,27] determined activities of phosphorus with respect to
infinite dilution by distribution experiments between immiscible liquid
iron and silver. His activity data is available in a temperature range of
1300-1600 °C and up to 33 at% P. A similar technique and experimental
conditions were used in the work done by Ban-Ya and Suzuki [28]. Based
on the activity measurements, Urbain [27] also provided the partial
mixing enthalpy of P. Fischer at al [29]. Performed electromotive force
measurements using solid and liquid calcium-phosphate electrolytes at
1650 °C between 0.1 and 31 at% phosphorus. Vapor pressure of phos-
phorus in liquid Fe-P alloys was measured by Ban-Ya et al. [30] at
temperatures of 1200-1500 °C and 5 to 25 at% P and by Schenck [31,
32] from 1515 to 1650 °C with maximum concentrations of 43 at% P.
Zaitsev et al. [14] determined activities of phosphorus in the liquid
phase from their Knudsen effusion cell data of P vapor pressure. With
respect to pure liquid components, the activities are given up to 30 at% P
at 1536 °C and at various fixed compositions in the temperature range
from 1127 to 1527 °C. Zaitsev et al. [14] further measured heat ca-
pacities of iron phosphides using the DSC method and determined their
Gibbs energies of formation from the effusion experiments. The enthalpy
of formation for Fe,P was estimated by Roth et al. [33] using combustion
calorimetry. Weibke [34] measured heats of formation of FegP, FeoP and
FeP in a high-temperature calorimeter at 635 °C. Lewis and Myers [35]
chose the Knudsen effusion cell to measure the heat of formation of
phosphides at 627 °C. Several DFT studies have been reported in the
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literature on the prediction of the enthalpy of formation of stable and
metastable compounds in both Fe-P and Fe—C systems, considering the
same methodology used in the present study (PAW pseudopotential and
GGA exchange correlation functional) [10,11,36]. Moreover, for several
stable and metastable compounds, a summary of enthalpy of formation
and equilibrium lattice parameters are available in Material project
[37]. For Fe-P and Fe-C, the DFT-based predictions of the enthalpy of
formation compare very well with available experimental data as shown
by Ohtani et al. [10] for Fe-P and, among others, by Hallstedt [38] for
Fe-C. Note that for Fe-P, a significant magnetic contribution to the
enthalpy of formation have been calculated. For C-P, Claeyssens et al.
[39] showed that PyCy compounds are thermodynamically unstable and
defect zinc-blended structures are favored. There is no data available for
P,Cy end-member of fcc and bec phases.

There are large discrepancies in the phase diagram data of the binary
Fe-P system resulting from both the different experimental procedures
and the impurity levels of the alloys used. First investigations of the Fe-P
diagram were performed by Saklatwalla [40] and Konstantinow [41]
evaluating cooling curves of liquid Fe-P alloys by means of the py-
rometer technique. Houghton [42] applied thermal analysis and mag-
netic measurements to determine phase equilibrium temperatures.
Phase equilibria between solid fcc and bee solution were determined in
the work of Roquet and Jegaden [43] by applying thermal treatment of
samples with different P concentrations with subsequent quenching and
micrographic examination. Additionally, phase boundaries in the
gamma loop were measured using the dilatometer method. Lorenz et al.
[44] and Fischer et al. [45] used the magnetic balance to reconstruct the
fce + bee gamma loop up to 1400 °C. Thermal and magnetic analysis
were employed by Wachtel et al. [46] to determine the solid + liquid
equilibria between 0.5 and 13 mass pct. Phosphorus. Kaneko et al. [47]
reported P solubility in bce between 700 and 1000 °C. Doan and Gold-
stein [48] combined long-term heat treatments with electron micro-
probe analysis in the temperature range of 550-1100 °C to measure the
compositions of coexisting stable phases. Ko and Nishizawa [49]
determined the solubility of P in bec from 600 to 1200 °C using X-ray
diffraction and microprobe analysis. Schiirmann [50] investigated the
melting equilibria in the Fe-P system by thermal analysis and holding
tests with subsequent EPMA analysis of the quenched samples. Similar
holding tests were also performed in the work of Morita and Tanaka
[51]. Recently, M. Bernhard et al. [18] provided new equilibrium data
on phase transformations in the binary Fe-P system using the differen-
tial scanning calorimetry (DSC) method. Within this extensive work,
equilibrium temperatures between 0.025 and 9 mass pct. Phosphorus
were determined.

2.2. Fe—C-P system

Frohberg et al. [52] and Hadrys et al. [53] studied the influence of
carbon on the activity of P using the distribution method between liquid
iron and silver at 1600 °C. Schenck et al. [54] investigated the solubility
of phosphorus in carbon-saturated melts at 1515 °C by means of P vapor
pressure measurements. Yang [55] measured the carbon solubility
depending on the P concentration with the carbon iso-activity method at
1400 °C. Carbon solubility in liquid Fe-C-P melts in the temperature
ranges of 1200-1600 °C and 1300-1570 °C were determined by Turk-
dogan and Leake [56] and Schiirmann and Kramer [57], respectively.
Various vertical sections in the Fe-C-P determined by cooling curves
and metallographic examinations were reported by Vogel [58]. Thermal
analysis and metallographic examinations of the 2.4 mass pct. C isopleth
section were performed by Ohide and Ohira [59]. The liquidus surface in
the iron-rich corner was constructed by Schiirmann et al. [60] using
thermal analysis. Kaneko et al. [47] reported the solubility of phos-
phorus in fcc at 800, 900 and 1000 °C. Langenscheid et al. [61] used
metallographic analysis and EPMA to determine the phase boundaries at
900, 950 and 1000 °C. Hofmann et al. [62] applied diffusion annealing
experiments with subsequent EPMA analysis to determine four
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Table 1
Crystallographic data of stable phases found in the Fe-C-P system [23,24].
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Phase Pearson symbol Space group Strukturbericht Prototype Model Denoted in text

Liquid - - - - MQM* liquid

(yFe) cF4 Fm3m Al Cu CEF” fee

(oFe), (5Fe) cI2 Im3m A2 w CEF bee

FesP 132 iz DO, NisP ST -

Fe,P hP9 P62m 22 Fe,P ST -

FeP oP8 Pna2, - MnP ST -

FeP, oP6 Pnnm C18 FeS, (marcasite) d -

FePy4 mP30 P2;/c - FeP,4 d -

(P) white c* - - (P) white ST P

Fe3C oP16 Pnma D014 Fe3C ST Fe3C

C (gr.) hP4 P63/mmc A9 C (gr.) ST C

@ Modified Quasichemical Model.

b Compound Energy Formalism.

¢ Stoichiometric Compound.

4 Not considered in the present study.
isothermal sections at 600, 700, 800 and 900 °C. The isothermal sections
of Langenscheid et al. [61] are in good agreement with the unpublished Xy =1 / (Naa + g +Nap) ()]
ones of Nishizawa [63] reported in the assessments of Gustafson [8] and X X 5
Shim et al. [17]. Three vertical section in the Fe~C—P with 0.10 mass pct. A=0a/ (0 +np)=1-Xp ®)
P phosphorus, 0.20 mass pct. C and constant P/C mass pct. Ratio of 2

. R YA =7Zan Zana +7Zpng) =7ZxX, ZAaX ZpX)=1-Y, 6
were provided by M. Bernhard et al. [18] using the DSC method. A=Zana [ (Zana +Zunn) =ZaXa [ (ZaXa +Z5X) B ©
The Gibbs energy of the solution is given by:
3. Thermodynamic models config
y G = (nagl +npgy) — TAS®™ 4+ (nyy /2)Ag,, @

The assessment of the Fe-C binary system by Gustafson [16] is most
commonly used in thermodynamic databases. However, unreliable sta-
bilization of the becc phase at high temperatures was pointed out [22],
due to an inverted miscibility gap of the liquid phase. This is partly due
to neglecting strong SRO between Fe and C. In order to eliminate this
phenomenon, Shubhank and Kang [22] re-optimized the Fe-C binary
liquid phase using the MQM, keeping the Gibbs energies of solid phases
unchanged, as suggested by Gustafson [16]. In the present work, the
binary Fe-C description of Shubhank and Kang [22] was used. All cal-
culations and optimizations were performed with the thermodynamic
software FactSage 7.3 [64]. Gibbs energies of pure Fe, C and P are taken
from Dinsdale [65]. The crystallographic data of stable phases in the
Fe-C-P system are listed in Table 1. All parameters used or optimized in
the present work are summarized in Table 2.

3.1. Liquid phase

In order to take into account strong SRO, the MQM in pair approx-
imation [19,20] was applied to formulate the Gibbs energy of the liquid
phase. A detailed description of this model can be found in Ref. [19,20],
so the model will be described only briefly in the present study. In the
pair approximation for a binary solution consisting of A and B atoms, the
following pair exchange reaction on the sites of a quasi-lattice is
considered:

(A—A)+(B—B)=2(A—B); Ag,; (€8]
where (i —j) represent the first nearest neighbor pair and Agag is the non-
configurational Gibbs free energy change forming 2 mol of (i —j) pairs. If
nu and ng are the number of moles A and B, nj is the number of (i —j)

pairs and Z, and Zp are the coordination numbers of A and B, then the
following mass balances are considered:

Zana =2np5 + Nap (2

Zgng =2ngp + N (€))

The pair fractions, mole fractions and coordination-equivalent frac-
tions are defined as:

where g and g} are the molar Gibbs energies of the pure components

and AS®"f8 is the configurational entropy of mixing given by randomly
distributing the (A-A), (B-B) and (A-B) pairs in the one-dimensional
Ising approximation [66]:

AS®E = _ R(nuInX, + nglnXp)

—R[naaln(Xaa / Y3) +npeln(Xps / Y3) +napln(Xap /2YAY5)] (8)
The Ag,, may be expanded in terms of pair fractions:

Agyp =Agly + Zgi:BXiAA + Zg(/)\jBXjBB )]

i1 =1

where AgQy, g% and g%, are the model parameters which can be func-
tions of temperature.

3.2. The equilibrium pair distribution is determined by setting

na.np

which leads to the equilibrium constant for the pair formation in
Equation (1):

Xis / (XaaXpg) =4exp(—Ag,p /RT) 11)

The composition of maximum SRO is defined by the ratio of the
coordination numbers Zp/Zj,, as given in the following equations:

1 1 2n 1 n
__T($> +T<$> 12)
Za Zin 2npa + Nap Z.s 2npp + Dap

1 1 2n, 1 n
= (4 o () a3)
Zy  Zyy \2ngp + Nap Zy, \20pp + Nap

where ZQA and ZQB are the values of Z, when all neighbors of A are As

and when all nearest neighbors of A are Bs, respectively, and where Z5,
and ZE, are defined similarly. Z4, and Z3, represent the same quantity
and are interchangeable. Coordination numbers of the pure components
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Table 2
Model parameters for the Fe-C-P system optimized in the present study in [J/mol] or [J/mol.K].
Model I Model II
Liquid MQM (Fe, P, C) MQM (Fe, P, C)
Zg:Fe =4cc = ng = dec =6, Zggc =3 ZESP = 3~de1> =6 ZEZP =6, dep =6
Agrec —30459.5 + 3.1380T-1129.7XFeFe [22] —30459.5 + 3.1380T-1129.7Xgepe [22]
Agrep —57655.52 + 8.2425T-(2615-1.5899T)XFeFe —44768.8 + 5.8576T-23765.12Xpere+ (11296.8 + 1.8828T)X%pepe+(5.35552T)Xpp
-(3711.21 + 5.23T)XPP
Agcp 0 0
fee CEF (Fe,P)1(Va,C), CEF (Fe,P),(Va,C),
Greva GFCCFE GFCCFE
Gre:c GFCCFE + GHSERCC+77 207-15.877T [16] GFCCFE + GHSERCC+77 207-15.877T [16]
Gp.va GFCCPP GFCCPP
Gp.c GHSERPP + GHSERCC+238 068 GHSERPP + GHSERCC+238 068
Lreva,c —34671 [16] —34671 [16]
Lepva —150414.8 + 12.2591T —139745.6 + 4.10032T
Lge,p:va,c —223 844-15.2716T —164012.8-67.7808T
Tepeva —201 [16] —201 [16]
Preva —2.1[16] —2.1 [16]
bee CEF (Fe,P)1(Va,C)3 CEF (Fe,P);(Va,C)3
Greva GHSERFE GHSERFE
Gre:c GHSERFE + GHSERCC+322 050 + 75.667T [16] GHSERFE + GHSERCC+322 050 + 75.667T [16]
Gp.va GBCCP GBCCP
Gp.c GHSERPP-+3GHSERCC+783 810 GHSERPP-+3GHSERCC+783 810
Leevac —190T [16] —190T [16]
Lee,p:va ~187 234 + 13.598T+(627.6 + ~182380.56 + 8.28432T-+(6485.2 + 8.1588T) (yp — ¥r,)"
11.0876T) (yp — ¥p)’
Tepe,p:va 1043—500}/},}@2 1043—500y},y;~e
PBre:va 2.22 [16] 2.22 [16]
Stoichiometric compounds™
Phase AHYg 8998 Cp
FezP (Model 1) —164 580— 114.366 122.026 100.62 + 0.02789T-700977T 2
FesP (Model II) 155 180
Fe,P (Model 1) —165 570— 78.1863 69.95 + 0.02555T-338576T 2
Fe,P (Model 11) 153 870 89.1363
FeP (Model I) —134 000— 40.6866 45.5567 44.27 + 0.01908T-190412T 2
FeP (Model II) 139 000

@ Reference states are bee Fe and white P.

in the binary Fe-P (Zf¢;, and Z},) were set to 6 [67]. Maximum SRO
composition in the binary Fe-P liquid solution is not evident from the
experimental data. For that reason, the authors decided to provide two
separated thermodynamic descriptions of the binary Fe-P system,
defining the maximum SRO composition as “FepP” (ZE, = 3, Zb, =
6) or “FeP” (Z}¢, = 6, Zh,, = 6), respectively. The solid solutions and
stoichiometric compounds are slightly adjusted according to the liquid
parameters.

After the thermodynamic optimization of the binary Fe-P liquid
solution, the Gibbs energy of the ternary liquid phase is estimated by a
“Toop-like” interpolation method as suggested by Pelton and Chartrand
[20] using Fe as an asymmetric component. Thermodynamic properties
of the ternary liquid phase can be reproduced in high agreement with
available experimental data without introducing any ternary adjustable
parameter.

3.3. Solid solutions and stoichiometric compounds

The fcc and bec solid solutions were modeled using the Compound
Energy Formalism (CEF) with two-sublattices [21]. Fe and P are located
on the substitutional sublattice, while C and vacancy (Va) occupy the
interstitial sites; the structure of both phases is given by (Fe, P),(C, Va)p,.
a and b represent the stoichiometric coefficients, where a =b = 1 for the
fcc phase and a = 1 and b = 3 for bec, respectively. The Gibbs energy in
the CEF is given by:

G= YrYvaGreva + YreYoGrec + YpYvaGpva + YpYoGpc +aRT

(YreInyr, + yplnyp) + bRT (yelnye + yy,Inyy,) + > y;y;vy Lija )
ik

D VY L+ Y _vivve s Lija + G

ijk ijkl

wherey;, y; are the site fractions of component i on one sublattice, Gi; is
the Gibbs energy of an end-member (ij for fcc or ij; for bee phase), and
Lijx and Ly are the interaction energies between i and j when the other
sublattice is only occupied by k. L;j is the reciprocal parameter rep-
resenting the interaction among i,j,k,l. G,° is the contribution due to
magnetic ordering. Its expression per mole of atom was suggested by
Hillert and Jarl [68]:

Gn® =RTIn(B, + 1)g(1) (15)
where © = T/T¢ and T¢ is the critical temperature (Néel or Curie) and
o is the average magnetic moment per atom, and this was used in the
present study.

As no experimental data was available for the enthalpy of formation
of both PC3 and PC in the bcc and fec structure, respectively, their
enthalpy of formation was estimated ab-initio via the Density Functional
Theory (DFT). The DFT calculations in periodic boundary conditions
were based on plane-wave basis sets and carried out using the Vienna Ab
initio Simulation Package (VASP) [69-72]. The projector augmented
wave (PAW) approach was employed to represent the core electrons [73,
74]. The generalized gradient approximation (GGA) as parameterized
by Perdew, Burke and Ernzerhof (PBE) [75,76] was used as the
exchange—correlation functional. A plane-wave kinetic cut-off energy of
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Fig. 1. Calculated binary Fe-P phase diagram up to 50 atomic percent P along
with experimental data [18,40-42,44-51,62]. Solid lines refer to the present
work “Model I” (maximum SRO composition at xp = 0.33) and the dash-dotted
ones to “Model II” (maximum SRO composition at xp = 0.50). The dotted lines
indicate the previous work of Shim et al. [17].

Table 3
Summary of invariant reactions in the binary Fe-P system.

Reaction type Reaction Temperature [°C] Ref.

Eutectic liquid < bee + FesP
1005 [40]
1020 [41]
1050 [42]
1048 [46]
1040 + 10 [48]
1039 [50]1
1041 [18]
1040 Model I
1042 Model I

Peritectic liquid + Fe,P < FesP
1155 [41]
1166 [42]
1173 [50]
1172 Model T
1156 Model 11

Congruent liquid < Fe,P
1270 [40]
1350 [41]
1370 [42]
1365 [50]
1382 Model I
1376 Model IT

Eutectic liquid < Fe,P + FeP
1262 [42]
1265 [50]
1265 Model I
1249 Model II

Congruent liquid < FeP
1334 Model I
1486 Model II

520 eV and a Monkhorst-Pack grid of suitable dimension (15 x 15 x 4
forhep C,7 x 5 x 2 for triclinicPand 11 x 11 x 11 for both bece CsP and
fce CP) to sample the Brillouin zone with a first-order Methfessel-Paxton
smearing parameter of 0.02 eV were used to meet the force and energy
convergence criteria of better than 0.02 eV/A and 0.01 meV, respec-
tively. The enthalpy of formation was then estimated from the difference
between the calculated total energy of compound and total energy of C
and P in their stable structure in standard condition of temperature and
pressure according to:

C, P, .C(graphite P(triclini
AHGR = EGPr — nEgE™) — mEg™ ™) (16)
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Fig. 2. Calculated Fe-rich part of the binary Fe-P system (a) and enlarged
gamma loop region (b) along with experimental data [18,40-51,62]. Solid lines
refer to the present work “Model I” and the dash-dotted ones to “Model 1I.” The
dotted lines indicate the previous work of Shim et al. [17].
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Fig. 3. Calculated Curie temperature of magnetic transition in bcc phase
compared with experimental data [18,42,58]. Solid lines refer to the present
work “Model I” and the dash-ones to Model II.” The dotted lines indicate the
previous work of Shim et al. [17].

Three phosphides - FesP, Fe,P and FeP - were treated as stoichio-
metric compounds. The Gibbs energy functions are modeled as functions
of temperature:
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Fig. 4. Calculated enthalpy of mixing at 1550 °C (a) and partial enthalpy of
mixing at 1550 °C (b) compared with available experimental data [25,27].
Calculated entropy of mixing at 1550 °C (c). Solid lines refer to the present
work “Model I” and the dash-dotted ones to “Model II.” The dotted lines indi-
cate the previous work of Shim et al. [17].

T T

deT —-T Szggv15 + /

J298.15

G =AHjy5 + / (cp / T)dT an

J298.15

where AHbog 5 is the standard enthalpy of formation relative to the
reference states of Fe and P (bcc and white P, respectively) and Soog 15 is
the standard entropy at 25 °C. The heat capacity c; is given as a function
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Fig. 5. Calculated activity coefficients in Fe-P melts of (a) Fe and P with
respect to pure liquid phosphorus and iron and (b) with respect to infinite
dilution. Experimental data is taken from Ref. [14,26-30]. Solid lines refer to
the present work “Model I” and the dash-dotted ones to “Model II.” The dotted
lines indicate the previous work of Shim et al. [17].

of temperature (see Table 2).
4. Results and discussions

Two sets of thermodynamic parameters were evaluated in the pre-
sent study, setting the maximum SRO composition to xp = 0.33 (“Model
I”) and xp = 0.50 (“Model II”), respectively. Based on thermodynamic
data in the binary Fe-P system [14,25,31,32], the parameters for the
liquid phase were optimized. According to the liquidus and solidus line
[18], the Gibbs energy of the bcc solution was formulated. By repro-
ducing the phase boundaries in the “Gamma-Loop” of [18,45], excess
Gibbs energy of the fcc solution was adjusted. Experimentally deter-
mined heats of formation [34] and heat capacities [14] of phosphides
were used in order to fit all phase diagram data. A ternary parameter for
fcc was introduced in order to reproduce various isothermal sections.
This optimization procedure was performed for both maximum SRO
compositions. As will be seen in the following sections, the MQM
description using FeyP as the maximum SRO composition leads to the
most accurate prediction of the binary and ternary phase diagram;
hence, the calculations in the figures presented are highlighted with
solid lines.

Within the thermodynamic optimizations, particular focus was
placed on reproducing the DSC data of M. Bernhard et al. [18], which is
considered as superior to previous data. In their work, model alloys were
produced from high purity raw materials using a high frequency
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Fig. 6. Calculated temperature-dependent activity coefficients of (a) P with
respect to pure liquid phosphorus and (b) Fe with respect to pure liquid iron.
Experimental data is taken from Ref. [14]. Solid lines refer to the present work
“Model 1.” The dotted lines indicate the previous work of Shim et al. [17].

remelting furnace. The remelting process was performed under argon
5.0 atm with subsequent centrifugal casting in a copper mold. As a
consequence, the final trace element level of C (70 ppm in binary Fe-P
alloys), Si (30 ppm), Mn (160 ppm), S (35 ppm) and N (30 ppm) is very
low. Chemical analysis was determined carefully by optical emission
spectroscopy; in the case of highly alloyed samples (P > 6 mass pct.), the
P concentration was measured by the wet chemical technique. The rapid
solidification in the copper mold led to a homogeneous microstructure
with extremely fine secondary dendrite arm spacing of 10 pm. Within
the DSC measurements, the heating rate was fixed at 10 K/min; a special
time and thermal resistance (Tau-R) correction [18] of DSC enabled the
measurement of highly accurate equilibrium phase transformation
temperatures.

4.1. Thermodynamic optimization of the binary Fe-P system

Fig. 1 shows the calculated binary Fe-P system up to 50 at% P using
the present MQM assessments and the previous work of Shim et al. [9]
together with all experimental data. It can be seen that the MQM
assessment with “Model II” is in good agreement with the phase dia-
gram, as suggested by Shim et al. [9]. The main differences between the
MQM descriptions provided can be found in the shape of the phase
boundary liquid/phosphides and the melting temperature of FeP. Since
there is no reliable experimental data available, the calculated melting
point of FeP cannot be critically evaluated. However, both optimized
sets of parameters reproduce incongruent melting of FegP, as generally
accepted in literature [23], and the eutectic equilibrium liquid < FeyP
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Fig. 7. Calculated enthalpy (a) and entropy of formation (b) at 25 °C compared
with experimental data [14,33-35]; reference states are bec Fe and red Phos-
phorus. Solid lines refer to the present work “Model I” and the dash-dotted ones
to “Model II.” The dotted lines indicate the previous work of Shim et al. [17].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

+ FeP satisfyingly well. Particularly in the case of “Model I,” the pre-
dicted invariant temperatures are in excellent agreement with experi-
mental data; see Table 3.

The enlarged phase diagram in the Fe-rich region together with all
experimental data is presented in Fig. 2(a). Recently published DSC
measurements of M. Bernhard et al. [18] and previously determined
phase equilibria of Morita and Tanaka [51] indicate significantly lower
solidus temperatures (>40 °C) compared to the assessment of Shim et al.
[9]. Especially at low P concentrations (<1 mass pct.), both experi-
mental publications predict a stronger segregation tendency of P during
solidification. In the present work, special focus was placed on precise
modeling of the bce/liquid phase boundary. As can be seen in Fig. 2(a),
both current optimizations are in excellent agreement with the DSC data
of M. Bernhard et al. [18] and reproduce additional experimental data
[42,46,50,51] satisfyingly well. The temperature-dependent solubility
along the bec/FesP line is within the experimental error of available
literature data and the calculated maximum P solubility of 2.5 mass pct.
Is in reasonable agreement with the generally accepted value of 2.8 mass
pct. given by Okamoto [23]. The gamma loop region is compared with
experimental data in Fig. 2(b). Due to a higher impurity level in their
samples, the solubility data of Lorenz et al. [44] and Roquet et al. [43]
differ from the published values of Fischer et al. [45] and M. Bernhard
et al. [18]. Particularly trace elements, e.g. carbon, manganese and ni-
trogen, increase the austenite stability in the gamma loop. The data of
Fischer et al. [45] and M. Bernhard et al. [18] was therefore used in the
present study. From Fig. 2(b) it can be seen that inconsistencies in the
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selected data sets in the assessment of Shim et al. [9] could be resolved.
The Tc line according to M. Bernhard et al. [18] is well represented
(Fig. 3).

In Fig. 4, the present thermodynamic calculations for the enthalpy/
entropy of mixing at 1550 °C are compared with experimental enthalpy
data of Fe-P binary liquid solution; reference states are pure liquid Fe
and P. Schiirmann et al. [25] derived the integral enthalpy of mixing
data indirectly from high-temperature calorimetry and phase diagram
calculations using a polynomial approach for the composition de-
pendency of AHpi;, which is given by AHpx =
—181.065xp+96.234x3+10.029x3 +74.802x3, as seen in Fig. 4(a). Since
this equation shows a minimum of AH;x close to xp ~0.58, the previous
assessment using the BW model [9] and the “Model II” inherently result
in better agreement than the “Model I” with maximum SRO composition
at xp = 0.33. In Fig. 4(b), the partial enthalpy of mixing of P by Urbain
[27] looks virtually independent on xp up to 0.33. This is an evidence of
very strong SRO [67]. As the integral enthalpy of mixing values are only
available up to xp = 0.33, the maximum SRO composition is not evident
from the experimental enthalpy data. During the present study, it was
found that “Model I” and “Model II” show equally accurate results for
calculations of the enthalpy data in Fig. 4(a) and (b) and the thermo-
dynamic data in Figs. 5 and 6, and the phase diagram in Figs. 1 and 2.
However, as seen in Table 2, “Model I” could describe the Gibbs energy
of the liquid Fe-P in Fe-rich side with less model parameters (without
XZere term). Therefore, the present authors suggest the “Model I” over
the “Model II”. Calculated entropy of mixing using the model of Shim
et al. [9], the “Model I”, and the “Model II” are shown in Fig. 4(c). The
“Model I” shows a minimum near xp = 0.33, corresponding to the
maximum SRO composition.

In Fig. 5(a), the calculated activity coefficients of Fe and P in Fe-P
melts at 1536 °C are presented in comparison with experimental data
[14,31,32]. Reference states are pure liquid Fe and P. The P activity
coefficients of Schenck et al. [31,32] were recalculated from the reaction
[P] & 1/2 {P5} using the measured vapor pressure of P, together with
the Gibbs energies of pure liquid P (gp,=-7232.449 +
133.291873T-26.236TInT [J/mol]) and Py gas
(8P, =161556.144-27.7915443T-0.0003347378581 T2-242493.487

T 1-8395.31409InT + 1592.26513 T%>-31.4764937TInT [J/mol]) from
literature [64,65,77]. At P concentrations xp < 0.20, there seem to be
large discrepancies between the P activity data of Zaitsev et al. [14] and
Schenck et al. [31,32]. In this composition region, accurate reproduction
of the phase diagram was only possible when the effusion method data
of Zaitsev et al. [14] was used to model the Gibbs energy of the liquid
phase. With increasing P content (xp > 0.30), both experimental data
sets become more consistent and show a sharp increase in P activity at
xp ~ 0.30, indicating the presence of strong SRO between Fe and P. As
shown in Fig. 5(a), results of the present study are in more reasonable
agreement with the activity data than the work of Shim et al. [9].
Particularly, using the MQM parameters for maximum SRO at xp = 0.33
(“Model 1"), the increase in P activity coefficients at xp ~ 0.30 is
reproduced very well. The tendency of SRO is also evident in Fig. 5(b),
which shows measured activity coefficients of P with respect to the
Henrian standard state [14,26-30]. Since there is no information on y$
available in those published studies [26-30], these results cannot be
expressed related to pure liquid Fe and P. For comparison, P activity
coefficients of Zaitsev et al. [14] were reduced to the Henrian standard
state using their suggested value of y§ = 2.78 x 10~*. Noticeable de-
viations can be found between the current calculations and composition
dependence of the P activity coefficient given in the work of Ban-Ya
et al. [28,30]. However, this data shows inconsistencies with all other
summarized literature values and was therefore not considered in the
present study. Both MQM optimizations improve the agreement with
activity data and can reproduce the composition dependence of P ac-
tivity coefficients within experimental errors.

Temperature-dependent activity coefficient data of Fe and P with
respect to pure liquid components is well represented in the present
study and shown in Fig. 6(a) and (b). Results for both MQM optimiza-
tions are quite similar; in order to give a better overview, only calcu-
lations from “Model 1" are compared with experimental data and the
assessment of Shim et al. [9]. According to the already mentioned rea-
sons in Fig. 5(a), better agreement of P activity coefficients can be found
up to xp ~ 0.25. Since Schenck et al.‘s data [31,32] was considered at xp
> 0.33 to model the liquid phase, higher deviations can be found with
respect to the work of Zaitsev et al. [14].
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The calculated enthalpy of formation at 25 °C in the binary Fe-P
system is presented in Fig. 7(a). Reference states are reduced to bcc Fe
and red P in order to compare the calculations with experimental data.
The previous assessment of Shim et al. [9] considered the Gibbs energy
measurements [14] to be the most reliable. However, in the present
study, enthalpies of formation as proposed by Weibke [34] were used in
the optimization process, due to higher accuracy of direct calorimetry
measurements. Since higher order phosphides were not considered in
the previous and present assessments, calculated AHy9g° of FePy show
larger discrepancies. In Fig. 7(b), optimized entropies of formation at 25

°C are compared with data of Zaitsev et al. [14]. More emphasis was put
on accurate calculation of the phase diagram in the Fe-rich part, but
optimized entropies of formation are still within the given experimental
errors [14].

4.2. Thermodynamic optimization of the ternary Fe-C-P system
In order to provide a better overview in the figures of this chapter,

the authors decided to plot only the results of “Model I” in comparison
with the assessment of Shim et al. [17]. Background calculations with
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Fig. 10. Calculated vertical sections in the ternary Fe-C-P system of Feg92Pg 0s-Feo.97Co.03 (@), Fep.91Po.09-Fe€0.055C0.045 (b), [%Fe] = 98.4 and 98.0 (c),
Fe-Fe(.97P0.015C0.015 (d) and [%C] = 2.4 (e) along with experimental data [58,59,61,63]. Solid lines refer to the present work “Model I.” The dotted lines indicate the
previous work of Shim et al. [17].

“Model IT” are considered in the discussion of the results. The calculated negligible effect in bee solution can be assigned to the low C solubility in
C saturation in liquid Fe-C-P solutions is presented in Fig. 8 along with ferrite. Introducing an additional ternary parameter Lge p.c,va for fcc was
experimental data [53-57] in the temperature range of 1290-1600 °C. necessary in order to improve the accuracy of the (fcc/FesC) and (fec/
Both MQM models are in excellent agreement with the experimentally fcc + FesP) phase boundary with respect to the data of Langenscheid
determined data: rapid decrease of C solubility upon increasing P con- et al. [61]. As a consequence, the C solubility in ternary fcc solution is
tent. Particularly at [%P] > 20, the predicted saturation as suggested by higher compared to that of Shim et al. [17]. Between both MQM opti-
Schenck et al. [54] is significantly improved compared with the previous mizations presented, considerable discrepancies can be found in the
assessment of Shim et al. [17]. 2-phase region (fcc + FesP) and 3-phase region (fcc + FesP + liquid) at

Fig. 9(a)-(e) show calculated isothermal sections in the Fe-rich re- 1000 °C. In this composition region, experimental information of Lan-
gion of the ternary system at 800, 900, 950, 1000 and 1100 °C. The genscheid et al. [61] and Nishizawa [63] is very limited. M. Bernhard
results of ab-initio calculations for Gp.c of fcc and bee hypothetical end- et al. [18] reported partial melting of alloys with 0.68 wt%C and 1.23 wt
member compositions in Table 2 mainly influence the fcc stability. The %P at 996 °C, indicating the presence of a (fcc + liquid) phase

10
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Fig. 11. Calculated vertical sections in the ternary Fe-C-P system at 0.1 mass
pet. P (a), 0.2 mass pct. C (b) and Fe-Fe( 94Co.02Po.04 along with data of M.
Bernhard et al. [18]. Solid lines refer to the present work “Model I.” The dotted
lines indicate the previous work of Shim et al. [17].

equilibrium at 1000 °C. In consideration of that recently published data
[18], the present calculation of “Model I” seems to be more reliable.
Calculated isoplethal sections from literature in Fig. 10(a)-(e) are in
satisfying agreement with experimental data [58,59,61,63]. Obviously,
thermal analysis data of Vogel [58] is generally lower compared with
temperatures from a previous assessment [17] and the present study. As
the temperatures were experimentally determined by evaluating cooling
curves, the deviations can be attributed to possible supercooling of the
liquid phase. More recent literature data of M. Bernhard et al. [18] in
comparison with the work of Shim et al. [17] and “Model I” is shown in
Fig. 11. Accuracy of transformation temperatures in the peritectic region
of ternary Fe-C-P alloys with 0.1 mass pct. P and 0.2 mass pct. C are
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significantly improved within the present study, as can be seen in Fig. 11
(a) and (b). Besides the precise knowledge of the solidus temperature,
the identification of the “hypo-peritectic” region (liquid + bcc — bee +
fce) is of special interest in practical casting operations [78,79]. In the
work of Shim et al. [17], the underestimated influence of P on
decreasing the solidus temperature results in a shift of the
hypo-peritectic region to 0.08-0.185 mass pct. C. The experimentally
determined hypo-peritectic range at 0.1 mass pct. P is between 0.084
and 0.147 mass pct. C [18] and corresponds well with the present
thermodynamic assessments (0.079-0.155 mass pct. C). Fig. 11(c) rep-
resents the vertical section of mass pct. Ratio P/C = 2. Similar results of
the present optimizations and the previous one [17] are observed in the
case of phase transformation temperatures at higher C concentrations (C
> 0.60 mass pct.). Considering different P/C ratios (1.9-2.5), the pre-
dicted phase stabilities and temperatures in the peritectic region are in
excellent agreement with the experimental data, whereas high de-
viations are found in the assessment of Shim et al. [17]. In contrast to the
previous work [17], the strong influence of P on the solidus temperature
stabilizes the bcc + fce + liquid 3-phase region between ~1000 and
1070 °C already at a low P/C ratio of 2.

Fig. 12 shows the liquid projection in the Fe-rich part of the ternary
Fe-C-P system; the calculated invariant reactions are summarized in
Table 4. The invariant compositions are in reasonable agreement with
the data of Schiirmann et al. [60]. However, this data is usually more
difficult to determine than the corresponding invariant temperatures,
which could be reproduced better setting SRO composition to xp = 0.33
(“Model I”). In case of “Model II,” the temperatures show slightly higher
deviation.

The present results can be summarized as follows: Both optimiza-
tions using the MQM for the liquid phase lead to a more reasonable
agreement with thermodynamic properties in the binary Fe-P system.
Compared with the previous assessment [17], solidus temperature and
peritectic phase equilibria could be significantly improvement in the
lower P region of the binary Fe-P and ternary Fe-C-P system, respec-
tively. In consideration of all experimental data, the model parameters
for SRO ZE¢, /78 . = 1/2 (“Model 1") lead to similar results over the
whole composition range as setting Zk& /Z8p = 1 (“Model 1I). Conse-
quently, both MQM optimizations can be used in steel databases.
However, in case of “Model II” additional model parameters for the
liquid phase were necessary to accurately reproduce the thermodynamic
data in the Fe-rich part of the binary Fe-P system. Therefore, the authors
propose the present thermodynamic modeling with maximum SRO at xp
= 0.33 (“Model I").

Finally, thermodynamic calculations using “Model I” were per-
formed to estimate the first order (sij, el) and seconder order (pl, rd;)
interaction parameters of P and C in liquid Fe-P(-C) alloys of Wagner’s
Interaction Parameter Formalism (WIPF). The WIPF is widely used in
the field of iron and steelmaking due to the simple calculation of ac-
tivities of alloying in liquid solutions of Fe. The general equations for the
activity coefficients of a component i and the interaction with compo-
nents j are given as

In(y) =In(y}) + > _elxi+ > plxf (18)
= =2

" el (%) + y pl(%j)?

J =

log(f;) = (19

where v; is activity coefficient of the component i used with mole frac-
tion and f; is used with mass percent, respectively. Binary and ternary
interaction parameters of P and C in Fe as solvent are given in the work
of Sigworth and Elliott [80], Frohberg [52], and Lupis [81] at a tem-
perature of 1600 °C. In the present study, calculations for yp and fp were
performed from 1200 °C to 1800 °C in order to provide e, pg, eb, rp and

€S, pg, e$, 15 as a function of temperature. The composition was varied
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Fig. 12. Liquidus surface projection in the Fe-rich part of the ternary Fe-C-P system. Experimental data is taken from Schiirmann

uni-variants and isotherms refer to the present work “Model 1.”

Table 4

Comparison of calculated invariant reactions in the Fe-C-P system with exper-

imental data [60] and assessed values [17].

Reaction Reference C [mass P [mass T
pet.] pet.] [°C]
liquid + bee < fec +  present work 0.72 8.88 1003
FesP (“Model 1)
present work 0.67 8.78 1007
(“Model 11")
Shim et al. [17] 0.83 8.50 1006
Schiirmann et al. 0.80 8.55 1004
[60]
liquid < fcc + FegP present work 1.82 7.32 959
+ Fe3C (“Model 1)
present work 1.75 7.19 967
(“Model 1I")
Shim et al. [17] 2.08 6.95 952
Schiirmann et al. 1.90 6.75 955

[60]

from 0 to xp = 0.10 (—~5 wt%P) in the Fe-P system and from 0 to x¢ =
0.20 (~5 wt%C) with xp = 10~* in the Fe-C-P system. The Henrian
activity coefficient of P (yp) in liquid Fe-P solution was found to be

In (y:‘)

By fitting the activity calculations to the WIPF the following

21746

3.548
TK

(20)

Table 5

et al. [60]. Solid lines of

interaction parameters were obtained:

5660 24726 212
= 2.0, ph=" 44, e == +3.376, pS
vy el P T g T S T g O e
49405
TR 1)

(1200 °C < T < 1800 °C)
The transformation of the interaction parameters from mole fraction
as composition coordinate to weight percent gives [80]:

4438 3.14 64.94
P — 0.013, P =="—45.18x107*, &5 =——+0.0524, 1§
g OO T T & Ty PO e
44.1
=_—— —8.92x107°
TK
(22)

(1200 °C < T < 1800 °C)

At 1600 °C the present results are compared with interaction pa-
rameters from literature (Table 5). In general, good agreement was
found for activity coefficients of phosphorus up to 1 mass percent P in
binary liquid solutions [14,52,80] and from O to 4 mass percent C in the
Fe-C-P system [52,80,81]. At higher concentrations of P and C, the
present calculations result in lower activity coefficients of phosphorus.
The lower values are in agreement with the work of Zaitsev et al. [14]
and Sigworth and Elliott [80].

Binary and ternary interaction parameters of P in liquid Fe-P and Fe-C-P solution at 1600°

P P

Reference 1

C

€p Pp £p Pp €p Ip ep Tp
Present study 3.15x 10°* 5.12 17.60 5.09 19.23 0.0367 2.2x107° 0.087 0.0146
Zaitsev et al. [14] 2.78 x 10°4 4.19 11.50 — — —
Frohberg et al. [52] - 8.36 -3.07 5.60 35.00 0.062 —-6.5x 107° 0.0975 0.0295
Sigworth and Elliott [80] - - - - - 0.12 ~1x10°2 0.13 -
Lupis [81] - 8.4 -3.1 7.0 - 0.063 ~1x107° 0.13 -

12
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5. Conclusion

A CALPHAD-type thermodynamic assessment of the ternary Fe-C-P
system was carried out including modeling of the Fe-P binary subsystem
in the experimentally investigated range up to 50 at% P. Gibbs energy of
the liquid phase was formulated using the Modified Quasichemical
Model (MQM) in order to take into account the strong short-range-
ordering (SRO) tendency. Since maximum SRO composition was not
evident from experimental information, the authors decided to provide
two sets of model parameters for different maximum SRO in the binary
Fe-P system. Ab-initio calculations were performed to estimate the
enthalpy of formation of fcc and bcc endmembers in the Compound
Energy Formalism (CEF). Combining the already assessed Fe-C subsys-
tem by Shubhank and Kang [22] and the present Fe-P descriptions,
solubility data of C in the Fe—C-P liquid phase could be reproduced more
accurately without adding a ternary parameter for the excess Gibbs
energy. Based on various isothermal and isopleth sections in the ternary
Fe-C-P system, both MQM descriptions were critically evaluated. Both
parameter sets are in excellent agreement with recently published phase
equilibrium data of M. Bernhard et al. [18]. Regarding the solidus
temperature and phase stabilities in the peritectic region, the discrep-
ancies between the experimental data and the previous assessment of
Shim et al. [17] were resolved. Although both MQM optimizations can
be used particularly for steel databases, the authors suggest “Model I”
(maximum SRO in the liquid near Fe,P composition) because less model
parameters were needed in order to accurately reproduce thermody-
namic properties of the liquid phase in the Fe-rich part of the Fe-P
system.
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Abstract: Solid-state phase transformations in the y-loop of the binary Fe-P system were
studied using differential scanning calorimetry (DSC) and high-temperature laser scanning
confocal microscopy (HT-LSCM). In total, eight alloys with varying P content from 0.026 to
0.48 mass pct. P were investigated in the temperature range of 800 °C to 1450 °C. The first
part of the present work deals with the critical evaluation of the approach to couple DSC
experiments and HT-LSCM observations in order to characterize bcc/fcc phase equilibria in
Fe-based y-loops. The phase transformation temperatures of a selected alloy with 0.394%P
were analyzed by DSC and HT-LSCM and compared with results of the well-established
techniques of dilatometry and high-temperature X-ray diffraction (HT-XRD). Then, the overall
phase boundaries of the y-loop were reconstructed by HT-LSCM and DSC data and the phase
diagram was compared with thermodynamic assessments from literature. Finally, the
quantitative phase fractions of fcc and bcc at 0.394%P were analyzed by Rietveld refinement
at temperatures of 1050 °C, 1100 °C and 1150 °C using in-situ HT-XRD. Although the phase
boundaries of the y-loop and phase transformation temperatures have been reproduced
accurately by recently published thermodynamic optimizations, larger deviations between HT-
XRD measurements and the calculations were identified for the phase fraction prediction. The
present work clearly demonstrates that coupling DSC and HT-LSCM is a powerful tool to

characterize y-loops in steel for future research work.
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ARTICLE INFO ABSTRACT

Keywords: Solid-state phase transformations in the y-loop of the binary Fe-P system were studied using differential scanning
Fe-P calorimetry (DSC) and high-temperature laser scanning confocal microscopy (HT-LSCM). In total, eight alloys
165t EXpeErinents with varying P content from 0.026 to 0.48 mass pct. P were investigated in the temperature range of 800 °C to
E;SOP 1450 °C. The first part of the present work deals with the critical evaluation of the approach to couple DSC
HT.LSCM experiments and HT-LSCM observations in order to characterize bee/fce phase equilibria in Fe-based y-loops. The
HT-XRD phase transformation temperatures of a selected alloy with 0.394%P were analyzed by DSC and HT-LSCM and

compared with results of the well-established techniques of dilatometry and high-temperature X-ray diffraction
(HT-XRD). Then, the overall phase boundaries of the y-loop were reconstructed by HT-LSCM and DSC data and
the phase diagram was compared with thermodynamic assessments from literature. Finally, the quantitative

Phase diagram;

phase fractions of fee and bee at 0.394%P were analyzed by Rietveld refinement at temperatures of 1050 °C,
1100 °C and 1150 °C using in-situ HT-XRD. Although the phase boundaries of the y-loop and phase trans-
formation temperatures have been reproduced accurately by recently published thermodynamic optimizations,
larger deviations between HT-XRD measurements and the calculations were identified for the phase fraction
prediction. The present work clearly demonstrates that coupling DSC and HT-LSCM is a powerful tool to char-
acterize y-loops in steel for future research work.

1. Introduction e B and S strongly limit the stability of the solid solutions in the phase
diagram (contracted fcc region).

o In contrast to the open fcc region, a completely closed fec region is
favored by the bec stabilizing elements P, Si, Al, Cr, V, Ti and Mo.
This type of bee/fec solid state equilibrium is also known as y-loop,
where the bee single-phase region dominates over a wide composi-

tion range.

It is well known that each alloying element in steel favors the sta-
bility of a particular phase. With respect to the body-centered cubic
(bee) ferrite phase and the face-centered cubic (fcc) austenite phase,
elements in steel can generally be categorized as ferrite formers (Si, Al
P, Cr, V, Ti, Mo) and austenite formers (C, Mn, N, Co). Weven [1]
formulated four different modes of typical phase equilibria between

ferrite (a, 8) and austenite (y), depending on the alloying element. This The influence of Si, Al and P on the y-loop phase boundaries in the

concept is graphically represented in Fig. 1 (a)-(d) [1,2]:

e Ni, Mn and Co favor the formation of the open fcc region, resulting in
a large fcc single phase region, whereas the stability of bec is very
limited to a close composition range in the Fe-rich part of the system.

e C and N lead to the expanded fcc region over a large composition
range with diverging phase boundaries which merge in heteroge-
neous phase equilibria.

* Corresponding author.
E-mail address: michael.bernhard@unileoben.ac.at (M. Bernhard).

https://doi.org/10.1016/j.matchar.2021.111030

corresponding binary phase diagram is shown in Fig. 1 (e). In the Fe-Si
system, the fcc single-phase region is stable up to 1.65 mass pct. Si. The
addition of Al shifts the phase boundaries of the y-loop to significantly
lower alloying content. The maximum solubility in austenite is 0.74
mass pct. Al. Phosphorus shows a very strong bcce stabilization effect in
the binary system, where the fcc single-phase region only exists up to
0.30 mass pct. P. In the Fe-C system, see Fig. 1 (f), an increasing amount
of P from O to 0.75 mass pct. continuously stabilizes the y-loop and the

Received 7 December 2020; Received in revised form 1 March 2021; Accepted 2 March 2021
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1044-5803/@ 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Influence of alloying elements on the fcc stability in Fe-based phase diagrams according to Wever [1]; open fce region (a) - Fe-Ni, expanded fec region (b) - Fe-
C, contracted fce region (c) - Fe-B and closed fce region (d) - Fe-Cr; influence of alloying elements on the binary y-loop (e) and influence of phosphorus on the fee
stability in the Fe-C phase diagram (f). The phase diagrams were calculated using the thermochemical software FactSage 8.0 and the FSStel2019 thermodynamic

database [2].
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fee single-phase region is stongly contracted. Depending on the content
of P and C, the bee + fee two-phase region exists from solidus temper-
ature down to room temperature, resulting in large primary ferrite
grains in the final microstructure.

In recent steel design, the influence of disproportional amounts of
v-loop forming elements on phase equilibria in Fe-based multicompo-
nent systems has been of great practical importance to optimize process
conditions and guarantee the desired mechanical and physical proper-
ties of the steel grade. In Si steel sheets for electical applications, the
typical silicon content varies between 1 and 3.5 mass pet. [3]; Amounts
of phosphorus up to 0.1 mass pct. improve the crystallographic texture
in silicon steels [4,5] and decrease the eddy current losses by increasing
the electrical resistivity [4-6]. In high strength TRIP steels for the
automotive sector, Siand Al are added up to 1.5 mass pet. [7,8] in order
to stabilize the retained austenite. Phosphorus is partly used to substi-
tute Si amounts of 0.1 mass pet. P are considered beneficial for the TRIP
effect. [9]

In previous work of the authors [10], differential scanning calorim-
etry (DSC) was applied to reinvestigate phase equilibria in the binary Fe-
P system and various isoplethal sections in the ternary Fe-C-P system.
For selected alloys in the ternary system, the analysis of the DSC signal
was supported by high-temperature laser scanning confocal microscopy
(HT-LSCM). Although accurate melting equilibrium temperatures could
be obtained with the DSC method, a complete reconsauction of the Fe-P
v-loop could not be provided. Particularly in the low temperature range
of 900-1150 °C, the resolution of the DSC setup used was limited to
characterize the beginning of the bee <+ bec + fee phase transformation.
Consequently, it was the aim of the present study to develop a coupled
DSC/HT-LSCM experimental approach as a valuable tool to reproduce
the phase boundaries of binary y-loops, including the possibility to apply
the developed procedure to multicomponent steel systems.

In total, eight alloys in the Fe-P system with 0.026-0.48 mass pct. P
were investigated. For a selected alloy containing 0.394 mass pct. P, the
well-established methods of dilatometry (DIL) and high-temperature X-
ray diffraction (HT-XRD) were utilized to critically evaluate the results
of linking DSC analysis and HT-LSCM observations. Then, the overall
phase boundaries of the y-loop were reproduced by coupling HT-LSCM
and DSC data and compared with recently published thermodynamic
assessments of the binary Fe-P system [11-14]. Finally, thermodynamic
equilibrium calculations were performed to predict the fractions of
ferrite and austenite at 0.394 mass pct. P between 900 and 1350 °C and
evaluated with quantitative phase fraction analysis by Rietveld refine-
ment of fee and bee at 1050 °C, 1100 °C and 1150 °C using HT-XRD.

2. Literature review of experimental techniques used for y-loop
reconstructions

In general, two methodological approaches exist to investigate phase
equilibria at high temperatures [15]: In the ex-situ approach, the
microstucture is equilibrated at a defined temperature and the corre-
sponding stable phases are stabilized down to room temperature by
quenching the sample in water, iced water, oil or other quenching
media. In this case, particular care needs to be taken in order to reach the
equilibrium state in the isothermal heat weatments and retain the high-
temperature structure in case of very fast phase transformations like the
fee/bee ansition in pure Fe and its dilute solutions [15]. Within in-situ
experiments, e.g. HT-LSCM and HT-XRD, the microstructure and phase
relations are directly characterized at elevated temperatures. Both
characterization methods of v-loops, ex-situ and in-situ, are based on the
different thermophysical properties of fec and bee iron (magnetic sus-
ceptibility, erystal sttucture and density) or on the fee/bee phase
transformation itself (enthalpy change and microstructure). Table 1
gives a summary of previously applied techniques to reconstuct y-loops
in Fe-based systems. The specific advantages, possibilities and chal-
lenges of each experiment should be discussed briefly in this chapter.
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Table 1
Overview of experimental methods [10,16-22,24-29,55-40,52] to reproduce
phase boundaries of y-loops in Fe-based systems.

Method  Subcategory Reference System
EQU oM Roquet and Jegaden [16] Fe-P
Roquetetal. [17] Fe-Al
DC Heijwegen and Rieck Fe-Mo
[18]
Alberry and Haworth Fe-Mo
[19]
Hirano and Hishinuma Fe-Al
[20]
Kirchner et al. [22] Fe-W
Two-phase all oys Kirchner et al. [21] Fe-Cr
Kirchner et al. [22] Fe-Mo, Fe-W
TMA Crangle [24] Fe-Si
iIbelacker [25] Fe-Si
Lotenz et al. [26] Fe-P
Baetlecken et al. [27] Fe-Cr
Fischer at al. [28 Fe-Si, Fe-P, Fe-Ti,
Fe-C-Si
Fischer et al. [29] Fe-Mo, Fe-V, Fe-W
DIL Roquet and Jegaden [16]  Fe-P
Roquetetal. [17 Fe-Al
Adcock [35] Fe-Cr
Bentl e and Fishel [36] Fe-Si, Fe-Si-Ti
Bungardt et al. [37] Fe-Cr
Wada [38] Fe-Ti
Present study Fe-P
XRD In-situ Oberhoffer and Kreutzer Fe-Si, Fe-Cr
[39]
Present study Fe-P
Fx-situ Speight [10] Fe-Sn
TOA HT-LSCM Present study Fe-P
TAC DSC V. Bernhard et al. [10] Fe-P
Present study Fe-P
DTA iIbelacker [25] Fe-Si
TA Adcock [35] Fe-Cr
Adiabatic Normanton [52] Fe-Cr
cal orimetry

2.1. Equilibration experiments (EQU)

The sample is heat-treated under a given time-temperature profile.
After chemical and microstructural equilibration at a defined elevated
temperature, the sample is typically quenched in water to stabilize the
microstructire and high-temperature phases down to room tempera-
ture. The final analysis is done by metallographic analysis of the
quenched microstructure using optical microscope (OM) techniques.
EQU-OM was performed by Roquet et al. [16,17] in the Fe-P and Fe-Al
system. The EQU-OM method is a classic way of examining phase frac-
tions, microstructure compoenents, homogeneity and surface contami-
nations. [15] Typical limitations of EQU-OM are the magnification and
the lack of possibility to identify the crystal soucture.

Direct chemical analysis of fcc and bec by electron microprobe
analysis (EPMA) is similarly used in equilibration experiments, either in
the concept of diffusion couples (DC) [18-20] or to analyze samples
whose initial composition is already within the bee + fee two-phase
region at respective temperature [21,22]. In a simplified outline of the
EQU-DC method, two or more materials with different alloying content
are in intimate contact and are equilibrated at a defined temperature. As
a consequence, one material (or species) diffuses into the other, forming
an interface within the diffusion zone at which the stable phases are in
local equilibrium. [23] The chemical analysis of fcc and bee close to the
interface is then directly measured by EPMA and the extrapolation to the
bee/fee interface enables the reconstruction of the phase boundaries.
EQU-DC was used by Heijwegen and Rieck [18] and by Alberry and
Haworth [19] to examine the Fe-Mo system. Hirano and Hishinuma [20]
used EQU-DC in the Fe-Al system. Kirchner et al. [21,22] applied EPMA
for characterizations of diffusion couples and two-phase alloys in
extensive y-loop studies of the Fe-Cr, Fe-Mo and Fe-W systems. If steep
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concentration gradients occur along the interface, the extrapolation to
the interface may lead to major errors. [23] Other difficulties arise from
the EPMA measurements (e.g. chemical composition) or from the for-
mation of only a quasi-equilibrated diffusion zone. [23] However, the
elemental analysis of the bee/fec phase boundary by EPMA is a time-
saving method with the possibility of determining a great variety of
elements over wide composition ranges and is widely accepted in the
field of phase diagram research.

2.2, Thermo-magnetic analysis (TMA)

In-situ method based on the magnetic susceptibility of fce and bee
above the Curie temperature. For this purpose, the magnetic force
exerted on a sample in an inhomogeneous magnetic field is determined
by a magnetic balance. This technique was applied by Crangle [24]
within the examination of the Fe-Si system and used by Ubelacker [25]
in the Fe-Si binary system. Later, the concept of the magnetic balance
was adopted by Lorenz, Fischer and Fabritius for extensive vy-loop
studies of Fe-X (X =P, Cr, 8i, Ti, Mo, V and W) binary systems [26-29].
The advantage of TMA is a very sharp signal due to the abrupt change in
the magnetic force at the start of the phase transformation (bee «» bee +
fee or fee ++ fee 4 bee) and when the phase transformation is completed
(bee + fee < fec or fec + bee «» bee). TMA data are generally considered
to be highly accurate and most reliable [14,30-32] for the development
of thermodynamic databases within the CALculation of PHAse Diagrams
(CALPHAD) framework [33,34].

2.3. Dilatometry (DIL)

In-situ measurement of the dilatation of a sample considering the
different thermal expansion of ferrite and austenite during testing.
Changes in the signal are assigned to the density/volume change during
the phase transformation. This technique has been approved as a stan-
dard technique for the characterization of fee/bec phase wansformations
in steel systems. As early as the 1930s, Adcock [35] combined DIL and
thermal analysis (TA) to determine the Fe-Cr phase diagram. Roquet
et al. [16,17] and Bentle and Fishel [36] used DIL later in their inves-
tigation of the y-loop in the Fe-P and Fe-Al systems and in the Fe-Si and
Fe-Si-Ti systems, respectively. Further DIL studies were performed by
Bungardt et al. [37] in the Fe-Cr system and by Wada [38] to reconstruct
the y-loop of the Fe-Ti phase diagram. Similar to TMA, dilatometry
shows a high sensitivity of the signal change during the fce/bec phase
transformations.

2.4. X-ray diffraction (XRD)

Determination of the structural properties of a crystal by the
diffraction of X-rays in a specific direction due to the different crystalline
structures of fee and bee, Oberhoffer and Kreutzer [20] used an in-situ
high-temperature XRD (HT-XRD) in a very early study to examine al-
loys in the Fe-Cr and Fe-8i system. Speight [40] applied XRD analysis to
quenched samples after EQU treatment (ex-situ) in the Fe-Sn system.
Recently, in-situ HT-XRD investigation at elevated temperatures has
been presented by Wiessner et al. [41,42] to characterize fce phase
fractions and microstructure parameters, e.g. lattice constants and
dislocation densities in austenitic steel samples, whereby an interesting
suggestion concerning an innovative improvement to the Rietveld
technique based on a Bayes approach is given in [43]. For XRD methods,
the preparation of the sample is the most critical factor in order to
guarantee reliable results in the XRD analysis. The ideal sample for XRD
analysis shows randomly distributed grains with a crystallite size less
than 10 pm in a statistically relevant amount. [15]

2.5. Thermo-optical analysis (TOA)

In-situ analysis of a sample by a microscope under a defined time-
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temperature program. The aim is to optically determine the
temperature-dependent change in the microstructure components. The
classic therme microscope and high-temperature laser scanning confocal
microscope (HT-LSCM) are the typical experimental equipment for TOA.
Particularly for steels, the HT-LSCM offers the advantage of recording
phase ransformations up to high temperatures since the wave length of
the blue laser is not in the spectrum of the inherent radiation of the steel
sample. HT-LSCM was successfully applied to observe the kinetics of the
bee/fee phase mansformations during the peritectic transformation of
Fe-C based alloys [44-48] and in Fe-C-P alloys during cooling in the
solid state [49]. Phase stabilities of fcc and bece in the peritectic range of
the Fe-C-8i, Fe-C-Al and Fe-C-P systems have been characterized in
various previous work [10,50,51]. However, to the best of the authors’
knowledge, HT-LSCM has not been specifically used for complete re-
constructions of phase boundaries in y-loops as of yet. HT-LSCM offers
the possibility to observe details of the phase wansformation charac-
teristics (e.g. nucleation sites, type of ferrite) by optical evaluation of the
sample surface. The experimental investigation of the phase mans
formatien temperature is thus not based on the measurement of the
change of a physical property. Limitations of the HT-LSCM method are
(i) the restricted field of observation and (ii) that a sufficient contrast
between the observed phases has to exist in order to optically distinguish
several phases.

2.6. Thermal analysis and calorimetric methods (TAC)

Based on the enthalpy change during the investigated phase trans-
formation. In the thermal analysis (TA), the temperature change during
a phase transformation of a sample is measured by a thermocouple. In
differential thermal analysis (DTA), the temperature difference between
the sample and an inert reference is determined, whereas in differential
scanning calorimetry (DSC), the change of heat flux between the sample
and the reference is obtained. In contrast to the standard TA and DTA
techniques, calorimetric measurements, e.g. DSC and adiabatic calo-
rimetry, offer the possibility of directly determining the specific heat
capacity of an alloy over temperature. A significant change in the signal
can be assigned to the start or end of the phase wansformation. Adiabatie
calorimetry was used by Normanton [52] to obtain phase equilibria in
the y-loop of the Fe-Cr system. Recently, the authors [10] have inves-
tigated the y-loop of the binary Fe-P system with an experimental DSC
setup. A detailed discussion of challenges and opportunities of the DSC
method with respect to determining phase transformation in Fe-based
v-loops can be found in Chapter 3.2,

3. Materials and methods
3.1. Sample preparation and chemical analysis

In the following chapters, the chemical composition of each alloying
element is given in mass percent. In total, seven alloys (A-I to B-1II in
Table 2) had already been prepared and analyzed by DSC in the authors’
previous work [10]. In the present study, these specimens were used for

Table 2
Chemical analysis and trace element levels of investigated samples [10].
Alloy P o] Si Mn k] Al N
[mass [mass [mass [mass [mass [mass [mass
pet.] pet.] pet.] pet.] pet.] pet.] pet.]
Al 0.026 0.008 0.002 0.014 0.0034 0.012 0.0021
AL 0.044 0.006 0.002 0.015 0.0032 0.002 0.0028
AIL 0.102 0.008 0.002 0.013 0.0033 0.015 0.0025
ATV 0.147 0.008 0.002 0.021 0.0036 0.037 0.0021
B-1 0.322 0.006 0.003 0.014 0.0033 0.010 0.0021
B-1I 0.419 0.008 0.004 0.031 0.0034 0.032 0.0023
B-111 0.480 0.008 0.003 0.016 0.0036 0.022 0.0025
C 0.394 0.005 0.004 0.030 0.0029 0.027 0.0027
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complementary investigation by means of HT-LSCM. According to the
chemical composition and the phase diagram in Fig. 2 (a), alloys A-I to
A-IV show an fcc single-phase region, while alloys B-I to B-III show a
wide bee + fee two-phase region with stable primary ferrite over the
whole temperature range. The samples of 50 g were melted in a high-
frequency remelting (HFR) furnace Lifumat-Met-3.3-Vac (Linn High
Therm GmbH, Germany). As the starting material, pure technical iron
cylinders (99.9 mass pct. Fe), high purity red phosphorus powder
(98.9%, Alfa Aesar, LOT# U01C005) and high purity aluminum wire for
deoxidation were used. The melting process was carried cut in alumina
crucibles under argon 5.0 (purity 99.999%) atmosphere to avoid
contamination of the samples with oxygen and nitrogen. Finally, the
melt was centrifugally cast into a copper mold. The chemical analysis of
each sample was determined either by optical emission spectroscopy
(OES) for P < 0.10 mass pct. or by X-1ay fluorescence (XRF) spectrom-
etry, for P = 0,10%. For more detailed information on the preparation of
the 50 g samples, the authors refer to [10].

For the present study, an additional alloy of 400 g with a defined P
amount of 0.40 mass pet. was produced in a PlatiCast PT 600 (Linn High

B4 c[B-iB-m
1400 T 7 R
3 4 .
i : i
130040 ! BCC
— H T
Q v Y &
£, 1200y 0 -
2 iF &
2 lil § Qe
® 1100f:: i 4
g_ % "o
H e 3 =4
E TN
@ 1000 | ¢, ' . FCC+BCC -
et [ '
i : X i ' i
Qoo Fis . == Al 10 AV, T single region; 50 g -
HH .o i e B o BRI witde bro e mgion: 50 g
v v 1 = C-I; wide bocHee region; 400 g
(] ' [ Bernhard et al. {2020)
800 L - I i il E I

0.0 0.1 0.2 03 0.4 0.5 0.6 0.7
mass pct. phosphorus

(a)
C-l
400 g
C-1 (hot-pressed)
12x 12 x 32 mm l —
A-l;g B-lll C-l (as-cast)
E 44 x 10 mm

L |

I
AV, Bl |}
I

| LT-DSC (C,) | [ HT-DSC | | HT-LscM | | HT-XRD | | DI |

(b)

Fig. 2. Prepared samples in the present study and their chemical composition
in the Fe-P y-loop [14] (a) and sample flow with materials used and applied
experimental techniques (b).
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Therm GmbH, Germany). The increased sample mass provides sufficient
testing material for the combined experiments with DSC, HT-LSCM, HT-
XRD and DIL and guarantees identical chemical composition, micro-
structure and sample homogeneity in all in-situ examinations. The
composition of 0.40%P shows a wide bee + fee region in the phase di-
agram which often makes the DSC analysis very challenging. It is
therefore a suitable composition to (i) critically evaluate the potentials
and limitations of the DSC method with respect to characterizing phase
equilibria in y-loops, (ii) develop a coupled experimental approach with
HT-LSCM as a supportive tool for the overall reconstuetion of phase
boundaries in y-loops and (iii) evaluate the results of coupling DSC/HT-
LSCM with complementary in-situ techniques of HT-XRD and dilatom-
etry. The melting procedure based on the HFR technique was very
similar to that of the 50 g alloys; mainly the dimensions of the crucible,
iron cylinders and copper mold differed: Pure technical iron cylinders
(99.9 mass pet. Fe), iron-phosphide powder with 26.7 mass pet. P (purity
07.2%) and high purity aluminum wire for deoxidation were used as the
starting materials. The sample was analyzed with an XRF spectrometer
Thermeo Fisher XRF ARL 9900, which was calibrated up to 4 mass pct. P
with the results of inductively coupled plasma (ICP) - OES. [10] As can
be seen in Table 2, the final chemical analysis of sample C-1 shows very
low levels of trace elements (C < 55 ppm, Si < 40 ppm, Mn < 0.03 mass
pet, S < 30 ppmand N < 30 ppm), is fully deoxidized with 270 ppm Al
and contains 0.394 mass pct. P.

In the case of sample C-1 with 0.394 mass pct. P, the stability of
primary 3-ferrite from solidification down to room temperature resulted
in large ferrite grains in the final microstructure. As a small grain size
with random distribution of the fcc and bee phases is essential for reli-
able HT-XRD analysis [15], the cylindrical sample C-I with a diameter of
44 mm was hot-pressed at 1150 °C to a small bar measuring 12 x 12 x
32 mm? in order to recrystallize the microstructure. Before hot-pressing
of the sample, a slice of as-cast structure with a thickness of 1 em was cut
off from the cylinder. An overview of the materials used and experi-
ments applied is given in Fig. 2 (b). Samples A-I to B-1II were previously
investigated by a high-temperature DSC setup [L0] and examined by
HT-LSCM in the present study. Additionally, phase transformations of
samples A-IV and B-II were studied in this work by heat capacity (Cp)
measurements using different DSC settings at lower temperatures (LT-
DSC). Sample C-I (hot-pressed) was investigated by all available ex-
periments (DSC, HT-LSCM, HT-XRD and DIL), whereas C-I (as-cast) was
only examined by DSC and HT-LSCM to identify possible differences in
the phase transformation temperatures due to the different microstruc-
tures of the samples.

3.2. Differential scanning calorimetry (DSC)

Detailed information on the evaluation of DSC measurements for the
characterization of phase transformations in alloys can be found in the
NIST recommended practice guide [53]. In the following sections, an
onset in the DSC signal corresponds to the first deviation from the
baseline that can be assigned to the beginning of the phase trans-
formation (bec <+ bee + fee; fee <+ fee + bee). A peak defines the end of
the phase transformation (bcc + fec ++ fec; fee + bee <+ bee).

3.2.1. Previous work [10] with high-temperature DSC setup (T < 1550 °C)

All experiments were carried out in a DSC 404F1 Pegasus (NETZSCH-
Gerdtebau GmbH, Germany) with an Rh furnace (T, = 1650 °C) and a
platinum DSC sensor instumented with type S thermocouples. During
the measurement, the protective tube of the Rh furnace was flushed with
Ar 5.0 (purity 99.999%, 70 ml/min). A Zr getter was positioned below
the DSC sensor in order to keep the oxygen level at elevated tempera-
tures (> 350 °C) to a minimum. The DSC setup was calibrated by
measuring the melting points and melting enthalpies of NETZSCH's
standards of pure metals In, Bi, Al, Ag, Ay, Ni and Co. Al»0O3 crucibles
(85 pl) and lids were used; the reference was an empty crucible. The
experiments were performed with a heating rate of 10 °C/min using
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samples with a mass of 50 mg (2.1 x 2.1 x 1.5 m.m3).

The challenges using the HT-DSC setup to obtain phase equilibria in
v-loops are discussed based on the previously published numerical re-
sults of the Fe-P system [10] together with thermodynamic calculations
[2,14]. The corresponding DSC charts were corrected to the baseline of
0.0 uv and are illustrated in Fig. 3 (a-I) and (b-I). It can be seen in Fig. 3
(a-I) that at low temperatures of 850 °C to 1050 °C, no sharp onset is
observable in the signal over the whole composition range investigated
(0.026-0.48 mass pet. P) and an accurate determination from the first
deviation of the baseline could not be detected. Hence, it was not
possible to provide reliable results for the beginning of the bee « bee +
fee phase wansformation. On the other hand, the peak at the end of the
bee + fee <+ fee transition is clearly visible in the measurements of
samples A-Ito A-IV. Fig. 2 (b-I) indicates that the HT-DSC setup can be
used effectively to record the fec « fee + bee <+ bee phase trans-
formation temperatures between 1250 °C and 1400 °C (A-Ito A-IV): The
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signals show a sharp onset and the signal ends in a clearly pronounced
peak when the phase transformation is completed. For samples B-I
(0.322%P), B-1I (0.419%P) and B-III (0.48%P), the peak when reaching
the temperature of the upper phase boundary of the bee + fec two-phase
region (fee + bee <+ bee) is less pronounced and higher deviations have
to be accepted in the DSC analysis.

It is well known that during scanning, the DSC signal is sensitive to
the enthalpy-temperature relation (AH/AT) of the sample. [53] The
ratio of AH/AT is generally defined as the heat capacity Cp. Hence, the
resolution of occurring onsets and peaks in Fig. 3 (a-I) and (b-I) is closely
related to the magnitude of the vertical jump of Cp at the initial stage of
the phase wansformation and at its end, respectively. The calculated
heat capacities [2,14] for each phase transformation are graphically
represented in Fig. 3 (a-II) and (b-1I) as a function of the fce and bee
fraction. Note that for samples B-I to B-III the fcc phase fraction never
reaches 100% as their chemical composition is within the bee + fee two-
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phase field; see Fig. 2 (a). The Cp values are therefore plotted up to the
maximum fce fraction or to the minimum bec fraction. In the following
discussion it is considered that a phase transformation progress between
0 and 5% is representative for the initial stage and that a progress of
05-100% corresponds to the final stage.

In Fig. 3 (a-1I) the Cp curves calculated for the compositions of
samples A-Ito A-IV (0.026-0.147 mass pct. P) show a steep increase at
the beginning of the bec « bee + fee ransformation. However, the
vertical jump of Cp continuously decreases with inereasing phosphorus
content; a similar relation between Cp and the P content applies to the
change of Cp close to the bee + fee ++ fee transformation. The calculation
results are in reasonable agreement with the DSC signals in Fig. 3 (a-I)
where the overall sensitivity of onsets and peaks is reduced at higher P
content. When focusing on the Cp curve of a selected alloy, it is evident
that the change of Cp close to the first fee formation (~1-4 J/gK) is
significantly larger than during the final stage of the bee decomposition
(~ 0.05-1 J/gK). This fact is somehow surprising, since more roundly
shaped onsets were observed in the DSC signal in Fig. 3 (a-I) than ex-
pected from a thermodynamic point of view. Probable reasons for the
weak onsets are (i) a slow progress of the fec formation in the scanning
mode resulting in a gradual change of heat and (ii) a limited resolution
of the HT-DSC setup in this temperature range. The Cp curve for the fee
++ fee + bee ++ bee ransformation in Fig. 3 (b-1I) indicates quite similar
values of the Cp changes at the bee formation (~ 0.2-1.5 J/gK) and at the
fee decomposition (~ 0.7-4 J/gK) compared to the bce/fec phase
transformation at T < 1050 °C. In this case, the main reasons for a
sharper DSC signal are (i) a rapid phase transformation progress at
elevated temperatures of 1250-1400 °C and (ii) that the HT-DSC settings
(type S thermocouples, Al,Os crucibles, heating rate and sample di-
mensions) were particularly adjusted for measuring high-temperature
phase equilibria in Fe-based alloys up to T < 1550 °C [10]. The ther-
modynamic calculations of alloys B-I to B-III (0.322-0.48 mass pct. P),
show only minor changes of Cp (0.05-0.2 J/gK) at the beginning and end
of the bee ++ bee + fee ++ bee phase transformation; see Fig. 3 (a-1I) and
(b-II). Hence, the DSC analysis using the high-temperature setup was
fairly challenging and only a weakly pronounced peak at the end was
identified in the DSC signal in Fig. 3 (b-I).

For that reason, it was the aim of this chapter to find improved DSC
settings for the general determination of the bee « bee + fee phase
transformation (0.026-0.48 mass pct. P) as well as for the character-
ization of the fee 4+ bee ++ bee phase equilibrium for alloys with a wide
bee + fee two-phase region (P > 0.322 mass pct. P).

3.2.2. Determination of phase transformations temperatures by heat
capacity measurements for alloys A-IV (0.147 mass pct. P) and B-II (0.419
mass pct. P) at T < 1250 °C

Potential adjustments of the HT-DSC setup were limited considering
that the type of calorimeter, sensor and thermocouple had to be kept
unchanged in the present study. When modifying the experimental pa-
rameters according to typical testing methods to determine Cp by DSC,
the authors expected improved resolution for the start of the bec « bee
+ fee « fee phase wansformation. Though it was not the foeus of this
chapter to perform quantitative heat capacity measurements, the trials
were carried out similatly to those generally proposed in literature
[54-57]. First, the DSC setup was recalibrated (see Chapter 3.2.1) with
PtRh crucibles which were covered with a lid. The use of PtRh crucibles
is recommended over AlyOz crucibles because the higher thermal con-
ductivity leads to an increased intensity of the signal. A thin-walled
Al,03 liner inside the PtRh crucible (PtRh/Al»,03) prevents the Fe-P
sample from the reacting with Pt of the crucible. The dimensions of
the samples were changed to 3.5 x 3.5 x 1.5 mm? (130 mg). The shape
of a flat disc guarantees a large contact between the sample, the crucible
and the sensor leading to optimized heat coupling during the measure-
ments. In all experiments the reference was an empty crucible. The
temperature profile was defined as follows: After an isothermal
sequence of 30 min at 30 °C the sample was constantly heated up with
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20 °C/min to the final temperature of 1250 °C. Following an isothermal
holding time of 20 min at 1250 °C the sample was cooled with - 20 °C/
min to ambient temperature. The time-temperature profile was applied
(i) within the baseline run with two empty crucibles, (ii) the measure-
ment of a NETZSCH standard sapphire (o-Al;03 single crystal) dise (6
mm diameter, 84.45 mg) with well-known values of Cp (T) [58] and (iii)
the analysis of samples A-IV (0.147 mass pet. P) and B-11 (0.419 mass pet.
P). Each trial was performed at least twice. Finally, the quantitative Cp
(T) curves were obtained according to ASTM E1260-11 [56].

The measured heat capacities of alloys A-IV and B-II are summarized
in Fig. 4 along with the HT-DSC signal from Chapter 3.2.1. The data are
given in the relevant temperature range of 500-1100 °C, It can be seen
in Fig. 4 (a) that the sensitivity of the DSC signal for the bee <+ bee + fee
«» fee could be significantly improved in the case of alloy A-IV. A sharp
onset at 935.7 °C is visible and the peak is more clearly pronounced. The
slight increase in the peak temperature from 999.4 °C in the HT-DSC
signal to 1008.5 °C in the Cp (T) curve results from the increased sam-
ple mass and the higher heating rate in the Cp trials [53]. The same
relation applies for the increase of the Curie temperature (AT ~ 6.4 °C).
On the other hand, it was still not possible to improve the resolution of
the onset for alloy B-1I with higher phosphorus content, see Fig. 4 (b).
Hence, even specific adjustments to the presently used DSC setup do no
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guarantee the accurate characterization of the fee formation over the
whole composition range of the Fe-P y-loop. Another limit of the current
Cp method is the maximum temperature of 1250 °C. The PtRh/Al,O4
crucibles are generally approved up to the temperature of 1700 °C but
sticking of the crucible and the sensor was observed at T = 1250 °C in
some pre-experiments which may lead to serious damage to the sensor.
Furthermore, the permanent recalibration of the DSC setup with
different crucibles is not efficient in daily standard practice. The authors
therefore decided to focus on optimizing the HT-DSC settings for a better
resolution of the peak temperature at the bee + fee < bee phase
boundary and propose HT-LSCM as a valuable supportive tool to char-
acterize the fee formation in the Fe-P v-loop (see Chapter 3.3).

3.2.3. Modification of the HT-DSC settings for y-loop studies

Three main factors influence the evolution of the DSC signal [53]:
The sample mass, the heat change during the phase oansformation and
the heating rate (HR) applied during scanning. A small sample mass
provides the advantage of a sharp peak separation and high sensitivity of
the signal but decreases the intensity (peak height) of the heat flux.
Small sample masses are highly beneficial if a large amount of heat is
released/absorbed during the phase transformation (e.g. solid-liquid
transformations). Increasing the HR will intensify the signal but usu-
ally shifts the peak temperature to higher values. Particularly in the case
of large changes in heat (= 200 J/g), the DSC signal has to then be
corrected within an HR variation in order to obtain the equilibrium
value at an HR of 0 °*C/min. [59] It has been pointed out in references
[10, 51] that for the present DSC equipment, a heating rate of 10 *C/min
and 50 mg samples are suitable parameters to determine highly accurate
temperatures of melting equilibria and peritectic phase wansformations
in Fe-based alloy systems. As the HR of 10 *C/min is in agreement with
the generally accepted values from literature [59], the authors decided
to adjust the sample mass and increase it from 50 mg to 250 mg. The DSC
signals for measurements with both sample masses are shown in Fig. 5
by taking the example of alloy C-1(0.394%P, as-cast). Note that as the
onset in the temperature range of 850-1050 °C (bee <« bee + fee) was
still not detectable in the signal, only the evolution of the peaks is rep-
resented. The peak intensity of the signal is significantly increased with
250 mg sample mass, and a clear end of the phase transformation at
1291.6 4+ 2 °C is visible. Although the determined phase transformation
temperature of 1294.4 + 2 °C with the 50 mg sample is in reasonable
agreement with the value of the 250 mg samples, the evaluation of the
peak is not reliable and shows poor reproducibility. The delay of the
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Fig. 5. Influence of the sample mass on the evolution of the DSC signal for
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signal due to the higher sample mass [53] isnegligible since only a small
change in heat is observed during the phase transformation. Further-
more, the temperature difference between the 50 mg and 250 mg sam-
ples is within the typical experimental error of +5 °C [10]. Based on the
parameters evaluated, the DSC setting of 10 °C/min and 250 mg was
applied for the measurements in the present study.

3.3. High-temperature laser scanning confocal microscopy (HT-LSCM)

High-temperature laser scanning confocal microscopy (HT-LSCM)
has become an established tool to perform in-situ observations of
microstructural changes by combining laser scanning confocal optics
and an infrared heating furnace. The special experimental setup allows
high-resolution images up to temperatures of the liquid state to be
recorded. For detailed information on the HT-LSCM technique, the au-
thors refer to the literature [60-64]. In the present study, the experi-
ments were carried out in an HT-LSCM type VL2000DX-SVF17/SP from
Lasertec. Small samplesof 5 x 5 x 1.5 mm? were cut from alloys listed in
Table 2; the specimens were ground and pelished. Within the HT-LSCM
examinations, the samples were put on the sample holder in the gold
coated, elliptical HT furnace. The furnace chamber was evacuated and
flushed with Ar 5.0. All samples were heated at 600 °C,/min to 850 °C
followed by 15 min of isothermal holding, after which the phase
wansformations (bee «» bec + fee < fee for samples A-I to A-IV; bee «
bee + fee <+ bee for samples B-1 to C-I) were investigated with a heating
rate of 10 °C/min, equivalent to the DSC measurements in Chapter 3.2,
The final temperature for samples A-I to A-IV was defined at 1050 °C and
1400 °C for B-I to C-1, respectively. After reaching the maximum tem-
perature, controlled cooling to room temperature was performed with a
defined cooling rate of —400 °C/min (Ar atmosphere). The temperature
in the furnace chamber was controlled using a type S thermocouple
located at the bottom of the sample holder. In order to obtain accurate
temperatures on the sample surface, a temperature referencing pro-
cedure had to be carried out before each experimental campaign using
an external thermocouple welded to the test sample surface. A video
with a maximum frame rate of 60/5 was recorded throughout the
experiment, enabling the examination of micrestructural changes and
occurring phase transformations post-experimentally. Using the recor-
ded videos, the phase mansformation starting and finishing tempera-
tures could be determined optically as all microstructural changes had
become clearly visible due to the thermal etching effect [65,66].

First HT-LSCM experiments executed in this study showed that the
start and further progress of the fce formation (bee ++ bee + fec) appears
slowly. Nevertheless, the proceeding fee formation was clearly observ-
able in the HT-LSCM, where in the DSC signal, no deviation from the
baseline was detectable in this case. In order to guarantee the compa-
rability of the results between the alloys investigated, it was essential to
establish a standardized evaluation method for the HT-LSCM observa-
tions. This method should also exclude local microstructure phenomena
when heating the sample (e.g. fce formation on a single bec phase
boundary area) and in doing so, give values for the phase transformation
temperature representative of the whole field of observation as well as
for the bulk material. Therefore, the authors have followed a procedure
that combines the optical observation received in the HT-LSCM with the
generally accepted concept in examining signals of thermo-analytical
techniques: To define an onset/end of a phase transformation in the
course of the measured curve [53]. The approach of transferring the
optical observation from the HT-LSCM systematically into a numerical
value of phase fractions is presented for sample C-1(0.394%P, as-cast) in
Fig. 6, For each experiment, more than five pictures were taken that
represent the temperature range in which about 20% of the fcc area
fraction had formed on the surface. Selected micrographs from the HT-
LSCM experiment are shown in Fig. 6 a-I to c-I. The phase boundaries
were then traced using image processing software, enabling a coloring of
the apparent fee and bec phases in each HT-LSCM frame (Fig. 6 a-Il to
c-1I). In the present paper, blue accounts for all surface areas
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Fig. 6. HT-1SCM micrographs of bee < hee 4 fee phase transformation for sample G-I (0.394%P, as-cast) at temperatures of 971 °C (a-I), 994 °G (b-I) and 1028 °C (c-
1); highlighted fce regions at temperatures of 971 °C (a-1I), 994 °G (b-1I) and 1028 °C (¢-1I); colored micrographs for the image analysis procedure with fcc (red) and

bee (blue) at temperatures of 971 °C (a-I), 994 °C (b-IIT) and 1028 °C (c-IIT); (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

representing bee and red for fec, respectively. The final, bicolored im- (Fig. 7).

ages as displayed in Fig. 6 a-IIl to ¢-III were transferred inte the auto- The numerical values of fee and bece area fractions obtained from
mated image analysis software Clemex Vision 7.0 PE (Clemex digital image processing can be plotted depending on temperature, as
Technologies Inc., Canada) to evaluate the percentage of all blue bec and shown in Fig. 8. A first small amount of fee (~ 1%) forms at 971 °C,
red fce areas based on a colour-threshold routine. The same procedure whereas up to the temperature of 994 °C, only ~3% fcc are present.
was done vice versa to define the end of the phase transformation Above 1000 °C, the fec area fraction increases rapidly from ~7% at
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Fig. 7. HT-LSCW micrographs of bee + foe < bee phase transformation for sample G-1(0.394%P, as-cast) at temperatures of 1262 °G (a1), 1268 °C (b-I) and 1277 °C
(c-I); highlighted fcc regions at temperatures of 1262 °G (a-11), 1268 °G (b-1I) and 1277 °C (c-10); colored micrographs for the image analysis procedure with fec (red)
and bee (blue) at temperatures of 1262 °C (a-II), 1268 °C (b-II) and 1277 °C (c-II); (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

1028 °C to 15% at 1043 °C and reaches the maximum evaluated amount
of 33% fec at 1090 °C. Based on the results, tangents were applied to
determine the beginning of the phase transformation. The final result of
994 °C is in reasonable agreement with data of similar chemical
composition from Lorenz and Fabritius [26] (975 °C at 0.41%P) and
Fischer et al. [28] (1000 °C at 0.37%P) and indicates that the coire-
sponding fee amount of ~2-3% can be considered as a representative

10

area fraction of onset temperatures in the present HT-LSCM experi-
ments. However, as the onset construction is generally dependent on the
tangents applied and the fce formation starts slowly (3% area fraction
within 20 °C), the authors suggest a typical deviation of 10 °C in
determining the bee <+ bee + fee phase transformation temperature
when employing HT-LSCM. In contrast to the start of the phase wans-
formatien, its end is very clearly proncunced in Fig. 8 due to the good
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Fig. 8. Construction of onset and end of the investigated phase transformations
by HT-LSCM for sample C-I (0.394%P, as-cast) along with the DSC signal of
sample G-I {corrected to the baseline of 0.0 V).

kinetics at elevated temperatures and the rapid dissolution of the fcc
phase in a close temperature interval of 10 °C. Without a tangent con-
struction, the final value of 1280 °C £+ 5 °C can be assigned to a 0% fcc
area fraction. For comparison, the DSC signal of alloy C-I(Chapter 3.2.3)
is plotted in Fig. 8. It is evident that by using HT-LSCM, the accuracy in
determining the fec formation could be significantly improved. Finally,
the good agreement with the results of DSC analysis of the fee decom-
position (1291.6 °C) confirms the approach presented that will be
applied for the overall phase boundary construction in Chapter 4.2,

3.4. High-temperature X-ray diffraction (HT-XRD)

In the present study, two kinds of experiments were carried out using
sample C-I (0.394%P, hot-pressed): (i) the determination of the phase
transformation temperatures (bee < bee + fee and bee + fee <+ bee) in
the temperature range of 850-1350 °C for the evaluation of the results
obtained by DSC and HT-LSCM (Chapter 4.1) and (ii) the quantitative
phase fraction analysis by Rietveld refinement of fce and bee at 1050 °C,
1100°Cand 1150 °C (Chapter 4.3). The latter experiments also included
the measurement of the bee < bee + fee phase transformation temper-
ature during heating. Within all HT-XRD experiments, a heating rate of
30 °C/min was selected up to 850 °C and a subsequent isothermal
holding time of 15 min was defined. Following DSC and HT-LSCM, the
measurements were performed with a heating rate of 10 °C/min up to
the final temperature. The layer surface after the in-situ heating inves-
tigation was inspected by conventional optical microscopy.

For the XRD experiments, various samples of polished platelets
measuring 7 » 25 » 0.3 mm® were cut in different orientations from the
original material. The aim of the preliminary XRD experiments at room
temperature was a general sample screening in respect of texture
(preferred crystallite orientation) and crystallite size. Pronounced
texture and a large crystallite size can inhibit a precise quantitative
phase analysis. This investigation was performed on a D8Discover
diffractometer in parallel beam geometry (parallel polycapillary optics)
with an energy-sensitive Sol-X point detector (Bruker, Germany). The
experiments were conducted using MoKo radiation corresponding to a
wavelength of 0.7003 A ina diffraction angle range of 15-60°24, a step
size of 0.05° and a counting time of 9 s/step. Each sample was measured
at two different azimuthal angles (p = 0°, 90°). If the diffraction in-
tensities differed strongly between these measurements, the sample was
rejected for further in-situ investigation.

The subsequent in-situ HT-XRD experiments for the phase analysis at
various temperatures were carried out in a D8Advance diffractometer
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(Bruker, Germany) using the focusing Bragg-Brentano diffraction ge-
ometry. This instrument was equipped with primary and secondary
soller slits, A meolybdenum anode X-ray tube at 40 kV and 40 mA (also
MoKa radiation, linear focus) was used as a radiation source. For the
suppression of the Mo Kp radiation, a Zr filter was inserted. The detec-
tion of the diffraction intensity was performed by a 1D position-sensitive
detector (LymxEye also by Bruker, Germany) based on silicon strip
technology (192 strips with a width of 0.075 mm). Considering a
goniometer radius of 250 mm, the detector length is equal to a diffrac-
tion angle range of 3.3° in total in the setting used.

Each measured in-situ diffractogram used for the full Rietveld
refinement included 1788 measurement steps altogether. They were
recorded in the range of 17.5-60°26 with a step size of 0.024° and a
counting time of 2 s/step corresponding to an integrated exposure time
for each detector strip of 384 s. For the in-situ measurements, a high-
temperature reaction stage HTK 2000 MSW (manufactured by Anton
Paar, Austria) was attached to the diffractometer. All experiments
described were performed under vacuum with a pressure of 0.001 to
0.0001 Pa (10 °to 10 ° mbar). A rectangular molybdenum strip (10
mm width, 100 mm length) was used as a sample holder, the strip being
only 8 mm wide in the center to obtain the highest electrical resistance
corresponding to the highest temperature caused by Joule heating in the
precise sample position. The corresponding low sample height error of
the device at elevated temperature was between 40 and 60 pm. How-
ever, this parameter was refined during the Rietveld procedure. The
temperature measurements were conducted with thermocouples type S
(Pt/Pt-Rh10) and type D (WRe3/W-Re25). For the Rietveld refinements
of the cell parameters, the TOPAS b software (Bruker AXS, Germany,
1999-2014) was used. For the phase ransformation recording, a smaller
diffraction angle range (17.5-23°28) was selected to achieve a shorter
scan time. The corresponding phase content was determined by the in-
dividual diffraction peak intensity.

3.5. Dilatometry (DIL)

The thermal expansion behavior of the sample C-1(0.394 mass pct. P)
was investigated by means of a push-rod (corundum) dilatometer (type
DIL80O5SL/A quenching dilatometer manufactured by Bédhr, Germany).
The experiments were performed under vacuum with a corresponding
pressure lower than 0.035 Pa (3.5 x 10 4mba.r). The sample was heated
up to 850 °C with a heating rate of 30 °C/min followed by isothermal
meatment for 15 min. The phase wansformations were examined
applying a heating rate of 3 °C/min. The dilatation behavior of the
octagonal sample with 6 mm circumcircle diameter and 14 mm length
was measured up to a temperature of 1380 °C.

4. Results and discussion

All phase diagram calculations in the present chapter were per-
formed with the thermochemical software FactSage 8.0 [2]. The ther-
modynamic assessments of Shim et al. [11], Miettinen and Vassilev [12],
You and Jung [13] and M. Bernhard et al. [14] were used for the com-
parison with the experimental results.

4.1. Determination of phase transformation temperatures for alloy C-I
(0.394%P, hotpressed) using DSC and HT-LSCM and the comparison
with in-situ HT-XRD and DIL

Similar to the DSC analysis of sample C-I in the as-cast structure
(Chapter 3.2.3), it was not possible to detect the beginning of the bee «
bee + fee ransformation by increasing the sample mass from 50 mg to
250 mg. However, the end of the phase transformation (bcc + fee <+ bec)
is clearly visible and the average value of two independent measure-
ments is given as 1292.6 + 2 °C. In the HT-LSCM, the first fce formation
was obtained at 974 °C; close to 1000 °C, the fec area fraction signifi-
cantly increased and the amount of fee exceeded 10% at 1028 °C, The
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onset construction results in a bec <+ bee + fee phase transformation
temperature of 1000 °C, corresponding to an fcc area fraction of ~2%,
representative of the field observation (see Chapter 3.3). The bee + fee
++ bee transformation is completed at 1285 °C. By comparing the phase
transformation temperatures obtained for C-I in as-cast state (DSC
1291.6 °C, HT-LSCM 994 °C and 1280 °C) and C-I with hot-pressed
recrystallized microstructure (DSC 1292.6 °C, °C, HT-LSCM 1000 °C
and 1285 °C), excellent agreement between both samples is shown.
Hence, the influence of the microstucture on the determined equilib-
rium phase transformation temperatures can be excluded.

The results of the in-situ HT-XRD measurements are graphically
represented in Fig. © (a) - (¢). The contour plot in Fig. 9 (a) shows the
recorded diffraction intensity in the range between 17.5 and 23°26 for
the temperature range of 850-1350 °C. The diffraction maximum 100 of
the a-phase (bcc) at 19.9° as well as the diffraction peaks 111 at 19.4°
and 200 at 22.5°2¢ of the y-phase (fce) can be clearly identified. The
general shift of all diffraction peaks observed towards smaller diffraction
angles, or larger lattice spacings, corresponds to the thermal expansion
of the crystal lattice. The stiking bimodal maximum observed at all
peaks is obviously caused by the MoKal1a2 (designation according to the
Siegbahn notation) splitting of the X-ray emission lines. In this plot, the
v-phase formation (bee <+ bee + fee mansformation) can be roughly
localized to the range of 950°-1000 °C. The y-phase disappears near
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1260 °C (bee + fee < bee). Above 1275 °C, an intermediate restructu-
ration and subsequent disintegration reaction of the o-phase is observed.
This restructuration is most likely related to an enhanced grain growth
and an induction of internal residual stresses in the grains. In Fig. 9 (b),
the integrated areas of the diffraction maxima 111 and 200 of the
y-phase correspond to a quantification of the diffraction intensity, and
the plot of the diffraction intensities as a function of temperature enables
the onset/endset temperatures to be constructed similarly to the HT-
LSCM analysis in Chapter 3.3, The bee « bee + fee wansformation
temperatures of 977 °C and 976 °C are in reasonable agreement with the
first observation of fce formation in the HT-LSCM (974-1000 °C). The
difference between the HT-XRD results and the finally determined HT-
LSCM value of 1000 °C is acceptable for the onset: As for the optical
evaluation of the fee area fraction by HT-LSCM, the increase in the
diffraction intensity also appears slowly in the HT-XRD experiment. In
the case of the bee + fee <+ bee transformation, the values of 1258 °C and
1262 °C obtained by HT-XRD are shifted towards lower temperatures
(AT DSC ~ 30 °C, AT HT-LSCM ~ 25 °C). In this case, minor restructu-
ration processes in the material can occur without a clear relation to a
strictly coherent crystal lattice change. In Fig. 9 (c), the same experi-
mental data of sample C-I are displayed in a conventional stacked plot
for selected temperatures to give a more detailed view of the diffraction
peak width and peak shape.

7111 « 100
1250 °C

1200 °C

1150 °C

1100 °C

1050 °C

1000 °C

diffraction intensity [arb. unit]

950 °C

900 °C

21
diffraction angle [°2-8]
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23

Fig. 9. In-situ HT-XRD analysis of sample C-I (0.394%P, hot-pressed) in the temperature range of 850-1350 °C; 2D contour plot of diffraction intensities over
temperature and diffraction angle (a), integrated diffraction peak areas of ¥ 111 and y 200 depending on temperature (b) and diffractograms at selected temper-

atures (c).
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In Fig. 10, the dilatation during the dilatometer heating experiment
is plotted as a function of the temperature. Several deviations from the
linear behavior are observed. The abrupt increase at 850 °C can be
assigned to the isothermal holding time of 15 min defined in the tem-
perature program. The first deviation from the adapted tangent at
976 °C indicates the fcc formation; the temperature agrees excellently
with the HT-XRD results, However, the enlarged section between 960
and 1010 °C in Fig. 10 indicates that for the dilatometer experiments,
the accurate identification of the phase transformation temperature is
also quite challenging. A clear deviation from the tangent is visible
above 990 °C, which is in reasonable agreement with the temperatures
observed by HT-LSCM (1000 °C). Similar to the beginning of the phase
transformation, its end at 1260 °C is also hardly measureable in the
dilatometer experiment in this case.

The comparative results of all in-situ techniques for alloy C-I
(0.394%P) are summarized in Table 3. In all methods used, the exact
determination of the first fce formation in the Fe-P y-loop is quite
challenging. Regardless of the physical properties the in-situ experi-
ments are based on, an increased error range has to be accepted. HT-
LSCM observations indicate that this fact is not only a consequence of
the experimental resolution related to the thermo-physical properties of
fee and bee investigated during the phase transformation but alse due to
the slow increase in the fce phase fraction itself. The highest resolution
of the fee formation was obtained by HT-LSCM and HT-XRD with a
suggested error range of +£10 °C whereas slightly larger errors are pro-
posed for the present DIL study (& 20 °C). As expected from Chapter 3.2,
the DSC technique used did not provide any information on the start of
the bec + bee + fee phase ransformation. DSC and HT-LSCM lead to the
most reliable data (£ 5 °C) for the fee decomposition between 1250 and
1300 °C. The suggested error range of the HT-XRD experiments is similar
to the measurement of the fee formation, Within the DIL studies the end
of the phase transformation was only weakly pronounced (+ 20 °C).
However, the DSC and HT-LSCM data are in very reasonable agreement
with the HT-XRD and DIL studies. The differences in the phase trans-
formation temperatures measured are in the range of £25 °C and are
acceptable by taking into account the challenging analysis of each
insrumental signal. The good agreement with the established methods
of HT-XRD and dilatometry validates the present approach of using DSC
and HT-LSCM to reconstruct the Fe-P v-loop over the whole composition
range.
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Fig. 10. Dilatometry results of sample C-I (0.394%P, hot-pressed) in the range

of 800-1300 °C and enlarged part of the fcc formation between 960
and 1010 °C,
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Table 3
Phase transformation temperatures of alloy G-I (0.394 mass pct. P, hot-pressed)

determined in the present study along with suggested errors for each used in-situ
method.

Phase DSC HT-LSCM HT-XRD DIL
boundary
bee «»bee +fee - 1000 + 976.5 + 976 + 20 °C
10°C 10°C
fee 4+ bee «» bee 1292.6 + 1285+ 5°C 1260 £10°C 1260 +
o] 20°C

4.2, Reconstruction of the y-loop phase boundaries by coupling HT-LSCM
and DSC

The results of the phase transformation temperatures investigated by
means of HT-LSCM and DSC are given in Table 4: ) denotes the tem-
perature determined by DSC in this study (*) and the previous work of
the authors [10]; values marked with b) wwere abtained by HT-LSCM; “n.
m.” was not measurable by DSC; phase transformations marked “n.i.”
were not investigated in this work by HT-LSCM; *-* indicates that the
phase transformation does not exist in the phase diagram.

The calculated v-loop [11-14] is shown in Fig. 11 aleng with the
results of DSC and HT-LSCM and experimental data from literature
[16,26,28]. It is evident that the thermo-magnetic analysis of Lorenz and
Fabritius [26] correlates with the DIL and EQU-OM experiments con-
ducted by Roquet and Jegaden [16]. In both studies, the stability of fcc is
increased in comparison with the data of Fischer et al. [28]. The dif-
ference in the phase stability regions can be mainly attributed to the
ace element level of the investigated alloys since even small amounts
of fee stabilizing elements (C, Mn, N) strongly affect the accuracy of the
phase boundaries. The amounts of C, Mn and N reported by Fischer et al.
[28] (C < 50 ppm, Mn < 10 ppm, N < 40 ppm) are significantly lower
than those in the studies of Lorenz and Fabritius [26] (C < 130 ppm, Mn

Table 4
Phase transformation temperatures in the y-loop of the binary Fe-P systems
observed in the present study and previous work [10] using DSC and HT-LSCGHM.

Alloy P bee < bee bee + fee fee « fee fee + bee &
[mass + fee « fee + bece bee
pet.] [=c] [cl [ecl [*c]
A 0.026 n.m. 924.4 % 1380.4 ¥ 14003 ¥
[10] [10] [10]
go3 ™ 94g ni ni
AT 0.044 n.m. 937.0 1377.7 ¥ 13859 ¥
ar1o] [0l [101
907 ® 058 ni ni
A 0.102 n.m. 958.2 ¥ 1367.7 ¥ 1380.8 ¥
[10] [10] [10]
g9z ™ 9651 n.i. ni.
ATV 0.147 n.m 999.4 % 1341.9 ¥ 1359.0 ¥
[10] [1ol [1o]
944 %) 1000 % ni ni
B-1 0.322 n.m = e 13202 ¥
[10]
977 % = s 1306
B-1I 0.419 n.m. = s 1272.4 %
[10]
9g4 ®) = - 1298 %
B-1II 0.480 n.m. = e 1290.2 ¥+
1021 = - 1280 %
C1 (as-cast)  0.394 n.m. = » 1201.6 ¥
094 P - - 1280
1 (hot- 0.394 n.m. - - 12926 ¥+
pressed) 1000 ¥ - s 1285
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Fig. 11. Calculated y-loop [11-14] along with results of DSG and HT-LSCM and
experimental data from literature [16,26,28].

< 160 ppm, N < 140 ppm) and Roquet and Jegaden [16] (C < 250 ppm
and Mn = 0.40%). Hence, Fischer et al.’s [28] measurements are
considered to be the most reliable for the critical evaluation of the
present results.

In general, the phase transformation temperatures obtained by DSC
and HT-LSCM are in reasonable agreement and the results can be sum-
marized as follows:

+ the phase boundary of the bee <+ bee + fee transformation is suc-
cessfully reproduced by HT-LSCM, whereas it is not possible to
provide reliable data using the present DSC technique. Excellent
agreement with the data of Fischer et al. [28] is given for alloys B-IV
to C-Icontaining P > 0.147%. Atlow amounts of P, higher deviations
in comparison with data from literature are identified. For samples
A-1 to A-IIT (0.026-0.102%P), the transformation temperatures ob-
tained by HT-LSCM are 20 °C lower than the generally accepted
value of pure iron (912 °C [67]). However, as demonstrated in
Chapter 2.3, the constructed onset of the bee « bee + fee phase
transformation shows a very slow increase in the fee fraction at
temperatures slightly above the phase boundary. Therefore, an
increased error of £10 °C has to be accepted within the HT-LSCM
measurements.

+ the characterization of the bee + fee <+ fee phase boundary is possible
by DSC and HT-LSCM. For samples A-III (0.102%P) and A-IV
(0.147%P), both methods show similar results and are consistent
with the work of Fischer et al. [28]. In the case of samples A-I
(0.026%P) and A-II (0.044%P), the narrow temperature range of the
bee + fee two-phase region leads to an overheating effect using HT-
LSCM. Even at the low applied heating rate of 10 °C/min, the tem-
peratures observed in the HT-LSCM are 25 °C higher than the values
measured by DSC. It can be seen in Fig. 11 that the results of Fischer
et al. [28] confirm the better resolution of the DSC technique for the
accurate determination of the bee 4 fee <+ fee phase boundary.

+ the fec < fee 4 bee <+ bee phase transformation was not investigated

in the present study since it has already been demonstated by M.

Bernhard et al. [10] and Presoly et al. [51] that DSC and HT-LSCM

are both excellent tools to identify the equilibrium temperatures in

this case.

the fee + bee < bee wansformation (P > 0.322%) was investigated

employing both methods. The increased sample mass of 250 mg for

DSC analysis enabled the identification of the phase transformation

temperatures. Similar to the DSC method, the HT-LSCM observation

also led to reliable results. Typical deviations between the DSC and
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HT-LSCM results are +£10 °C. Only for alloys B-1I (0.419%P) was an
increased deviation of 25 °C identified. However, both results agree
well with the thermodynamic assessments [L1-14] and the experi-
mental data of Fischer et al. [28]. For sample B-11II (0.48%P), DSC and
HT-LSCM led to the same results, but the numerical value of the
phase transformation temperature should be considered as critical
since it does not correlate with the end line of other results ob-
tained in the present study. In addition, the temperatures determined
are 25 °C higher compared with the experimental data from litera-
ture [26,28].

Based on the results, the authors suggest (i) the determination of the
bee « bee + fee phase transformation using HT-LSCM, where a typical
deviation of £10 °C has to be accepted; (ii) the higher resolution of the
DSC method in characterizing the bee + fee «+ fee leads tomore accurate
results and is preferred over HT-LSCM; (iii) it has been shown in pre-
vious studies [10,51] that both methods are excellent tools to determine
the fee < fee + bec < bee phase transformation temperatures. (iv) HT-
LSCM accurately reproduces the bee + fee «» bee phase boundary over
the whole composition range. In the DSC analysis, a larger sample mass
of 250 mg intensifies the measurement signal and similar results
compared with those from using HT-LSCM were obtained. (v) with
respect to thermodynamic calculations, all CALPHAD optimizations
[L1-14] lead to very reasonable results; the assessment of M. Bernhard
et al. [14] excellently reproduces the Fe-P y-loop measured by coupling
DSC and HT-LSCM;

4.3. Quantitative phase fraction analysis of fec and bec by HT-XRD for
alloy C-I (0.394%P, hot-pressed)

During heating, the beginning of the bec « bee + fee was measured
according to the experimental procedure in Chapter 4.1. The tempera-
ture is given by the average value of three independent measurements as
981 + 10 °C, which is in reasonable agreement with the single mea-
surement in Chapter 4.1 (976 £ 10 °C). The fce and bec phase fractions
measured by HT-XRD are summarized in Fig. 12 along with the calcu-
lated phase fractions using thermodynamic assessments from literature
[11-14]. All modelling studies show a maximum fcc fraction close to
1150 °C, but the numerical values differ in the magnitude of 10% phase
fraction. Compared to the work of M. Bernhard et al. [14] (64% fcc at
1146 °C), references [11-13] predict higher fec fractions of 70-76%
between 1133 °C and 1144 °C due to the increased stability of the fec
single-phase range in Fig. 11.

For comparison, data of Lorenz et al. [26] with a very similar
chemical composition (0.41 mass pct. P) are plotted in Fig. 12. These
data were indirectly derived from the experimental phase boundaries
using the lever rule. A relative error of 10% in determining the fecc
fraction was proposed [26]. Additionally, the authors addressed the fact
that the higher impurity levels of fcc stabilizing elements in their sam-
ples (see also Section 4.2) shift the v-loop to a higher P content. As a
consequence, the proposed fece fraction [26] is generally larger over the
whole composition range compared to the present HT-XRD data and
available thermodynamic assessments [11-14]. However, considering
the relative error of 10% the data are in very reasonable agreement with
the calculation results from references [11-13]. A rough estimation of
the influence of C and N trace levels on the accuracy of the phase
boundaries obtained was provided by Lorentz et al. [26] for a selected
temperature. At 1125 °C, the original compositions of bee (0.685 mass
pct. P) and fee (0.306 mass pet. P) were corrected by simple calculations
to 0.557 mass pet. P (bee) and 0.222 mass pet. P (fee) for “pure” Fe-P
alloys. In the present study, the corrected data at 1125 °C [26] were
used to recalculate the fce and bee phase fraction for 0.394 mass pct. P,
applying the lever rule. The results (51.34% fcc and 48.65% bec) in
Fig. 12 are in excellent agreement with the HT-XRD measurements in the
temperature range of 1050-1150 °C (42.36% at 1050 °C, 50.71% at
1100 °Cand 51.43% at 1150 °C). It can be seen in Fig. 12 that generally,
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Fig. 12. Quantitative phase fraction analysis of fec and bee at 1050 °C, 1100 °C and 1150 °C for sample G-1(0.394 mass pct. P, hot-pressed) using HT-XRD along with
experimental data from literature [26] and calculations with available thermodynamic assessments [11-14].

the HT-XRD data are lower than predicted by all calculations. Firstly, the
phase fraction calculations are extremely sensitive to the individual
optimization [11-14] of the fec/bee 4 fee phase boundary in the Fe-P
v-loop. Moreover, it must be noted that the precision of the present
quantitative in-situ HT-XRD evaluation by means of the Rietveld tech-
nique can be severely reduced by the anisotropic distribution of the
crystallite orientation (i.e. texture). For specific diffraction maxima, the
diffraction intensity discrepancy can reach factors up to one order of
magnitude for a very pronounced texture. Besides, an enhanced crys-
tallite growth can influence the correct phase content if the number of
diffracting crystallites is not sufficiently large and single larger grains in
diffracting orientation contribute to the peak intensity above average.
However, as only a moderately pronounced texture was found in the
preliminary XRD experiments (Chapter 3.4) and an averaging effect in
analyzing more than one peak can be considered, a measurement error
of 5% mass phase fraction is quite realistic. Taking into account the
sensitivity of the caleulation results and the experimental errors the HT-
XRD data show good correlation with the assessment of M. Bernhard
etal [14].

5. Conclusion

The purpose of this study was the development of an experimental
approach to reconstruct the phase boundaries in Fe-based v-loops by
coupling differential scanning calorimetry (DSC) and high-temperature
laser scanning confocal microscopy (HT-LSCM). Eight alloys in the bi-
nary Fe-P system with varying P content from 0.026-0.48 mass pct. P
were investigated in the temperature range of 850-1400 °C, Based on
previous work of the authors [10], the experimental settings for the DSC
setup used were adjusted in order to improve the accuracy of the DSC
signal with respect to measuring bec/fec phase equilibrium tempera-
tures. Using HT-LSCM, a standardized method for the characterization
of solid-state ransformations in the y-loop is presented by transferring
the optical observation from the HT-LSCM systematically into a nu-
merical value of phase fractions over temperature. The results of the DSC
and HT-LSCM experiments for a selected alloy (0.394%P) were critically
evaluated with measurements using well-established dilatometry and
HT-XRD techniques. A reasonable agreement between the phase trans-
formation temperatures obtained in all kinds of in-situ experiments was
demonstrated (ATpax ~ 25 °C). Based on the Fe-P v-loop, a possible
strategy to couple DSC and HT-LSCM in future applications for steel is
illustrated in Fig. 13: Both methods provide an efficient way to deter-
mine the fee < fee + bee <+ bee phase transformation temperatures from

15

T T . T T T T
DSC (50 mg) !

1400 , DSC (250 mg) BCC 7

1300
1200

FCC+BCC
1100

1000 -

temperature [°C]

ni -\.SCM
900 b

80O 1 1 1 L 1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

mass pct. phosphorus

Fig. 13. Coupling DSG and HT-ISCM techniques to reproduce phase bound-
aries in the Fe-P y-loop according to the present study.

1250 to 1450 °C and P < 0.30%. [10,51]. If a bee + fee two-phase region
exists over a wide temperature range (P > 0.30%), increasing the sample
mass from 50 mg to 250 mg intensifies the DSC signal and improves the
accuracy for the determination of the bec + fee «+ bee phase mans
formation. In this case, HT-LSCM produces very similar results (AT =
5-20 °C). Unfortunately, it wasnot possible to determine the start of the
bee « bee + fee phase ransformation by DSC for any composition. HT-
LSCM is a valuable tool for reconstructing this phase boundary consid-
eringa typical experimental error of £10 °C. For the investigation of the
bee + fee < fee wansformation between 900 and 1050 °C, the DSC
method shows a high resolution in the signal measured and is favored
over HT-LSCM.

Data availability
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be shared at this time due to technical or time limitations.
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I. INTRODUCTION

PRECISE knowledge of the liquidus temperature 77
is essential to adjust the superheat in the continuous
casting of steel and optimize the casting operations. In
order to predict the solidification progress in the casting
machine, it is required to extend the estimation of 77
down to solidus temperature with respect to microseg-
regation modeling. The actual temperature of the
interdendritic melt corresponds to the liquidus temper-
ature of its changing chemical composition due to the
enrichment of alloym% elements in the liquid phase
during solidification.!"”) Microsegregation models can
be used to calculate the non-equilibrium solidus tem-
perature depending on the solidification kinetics or to
characterize the hot tear sensitivity of a steel grade close
to the final solidification stage."”’

In general, two methods are available to estimate 7
based on the chemical composition of a steel grade:
Within (i) the CALculatlon of PHAse Dia-
gram (CALPHAD) framework,** the phase equilib-
rium temperature is obtained by mmimizing the Gibbs
energy of the system. For this purpose, various com-
mercial software packages with comprehensive thermo—
dynamic databases are available, e.g., FactSage,'®
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ThermoCalc,”! Pandat,”® and IDS.®! The great advan-
tage of self-consistent CALPHAD databases is their
accurate extrapolation to high concentration and the
possibility to perform phase equilibrium calculations
over the whole composition range of multicomponent
alloys. In practical steelmaking, a simplified way of
calculating 77 is (ii) the application of empirically
derived equations that are more or less linear regressions
fitted to experimental data. Based on regression analysis
and phase diagram calculations, several equations have
been proposed in the past.'>'* Empirical equations
enable fast calculations of 7 within defined alloying
limits, can be used without thermodynamic databases
and numerical solvers and are, therefore, cost-saving
alternatives for a successful casting process control in
steelmaking plants. Nevertheless, the published equa-
tions are only valid in the investigated composition
range and may lead to significant errors in the case of
higher concentrations and stronger interaction of the
alloying elements in the liquid phase.

Analytical liquidus equations are expressed in the
form of

T, = T‘z+Zf([%Xi]), (1]

where T} is the meltm% temperature of pure iron han-
dled as a constantl or, more spemﬁcall¥ separated
into 77 of d-iron (1534 °C' 1536 °C"*) and 1538
°Cl'y ‘and y-iron (1491 o1 1526 °C."3 and 1528
°Cl'). Note that, if segarated equations for J-Fe and
y-Fe are proposed,!'"!*!4 (Tdblel and II) then the
phase with the higher value of 77 is the primary phase
at the liquidus temperature. The parameter f{([pct X])
describes the influence of the element X on the melting
temperature of Fe depending on the concentration of


http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-021-02251-1&amp;domain=pdf

X in mass percent. The individual functions ((pct X))
of analytical equations from literature!'® >4 with rel—
evance for Fe-C-Si-Mn-Al-P alloys are given in
Table 1. Typically, these are linear! 0 1214 and para-
bolic functions!'"'?! representing the slope of the lig-
uidus line in binary Fe-X systems. As carbon is in
general the most dominating alloying element in steel,
additional cross products [pct X] X [pct C] were intro-
duced by Miettinen and Howe!™ in order to describe
the interaction of the alloying element X with C. A
slightly different approach was proposed in the work
of Schiirmann and Stisovic,!'? assigning the decrease
of T caused by an alloying element to an equivalent
factor of carbon. The equation is given by

TL=T

+AM{WM1+§:G%MKI+%”+%A%KD>}
+BM{WM1+§:Q%LK1+%#+%J%KD)}Z

2]
where 45 = — 76.77, A, = — 58.74, B; = — 6.89 and
B, = — 4.64. The Values for a;,, and b(;,, are summa-

rlzed in Table II.

Miettinen and Howel'"" evaluated various liquidus
equations!'® ! based on extensive experimental data
from literature and pointed out the following difficulties
in comparing each of the equations and possible reasons
for differences in the calculations:

[14]

e the equations relate closely to the alloys studied, and
the corresponding composition of the alloys is only
roughly reported (low-alloyed or stainless steels),

e the number of investigated alloys is too small or the
alloys studied show only minor variation in their
chemical composition,

e the focus was placed on the selection of specific alloys
or some solutes are only found in a few alloys, and

e often, the change in the solidifying phase (austenite or
ferrite) was not taken into account.

It was, therefore, not the aim of this work to
introduce another empirical equation but to critically
evaluate the available expressions from the litera-
ture!'® ' and check the valid composition range of the
calculations based on a comprehensive experimental
dataset obtained from thermal analysis techniques.

All equatlons[lo 4 were derived for specific applica-
tions. Kawawal'” tested his proposed description of 7.
against thermal analysis results of carbon steels and
reported an average error of + 4 °C. Kagawa and
Okamoto!'"! not only focused on the influence of small
amounts of alloying elements (typically < 3 mass pct.)
on the peritectic phase transformation but also gave a
llquldus equation for the dilute solutions of Fe. Howe’s
studies!'” and later, those of Miettinen and Howe,!'* are
general in nature and provide the possibility to estimate
Ty for low-alloyed and stainless steels. In the calculation
scheme, Howe,'? therefore, lists various different
parameters for C, Si, Ni, and V depending on the

Selected Parameters of Presently Evaluated Empirical Liquidus Equations!'®'>'* With Relevance for the Fe-C-Si-Mn-Al-P System

Table 1.

[
= = —
5 = G
= Q
= a & & 9
= pi = 2
—0 @ =0O0—== =
2 Ug mggo Eg
5 24 29485 g2
T |2 &= fa—ga 25
= 4 AN =y
2| 3| 28 2229 5%
5 wo— —8a¥ So
T QBYS —ntS Aun
v
- e I o B
=
<
S = =) a’
£ 2= 5
b= - 2 B S
=S| Tg R#OEE —
L - o H“EU ~ 9
= o — o Q = -
= Sa £S5 8 2
5 =g =52 & aes
2.8 &
G <t v O — N oo <+
ol on O VAl ~
oS —~Mmead 4N
on O~ — —_—<t N O o —
w
200 v
—_
+
_
wn
Twoa B
N S
85L="
- SO 0FE
— l\u —
= O 2 o =
s | <ZEE7
Z SE=3
T A=
S (.
—_
e e —
S en
TOVAS ~
VV_oV =5
—_—— Q= 0 5
_CTAFEE <=
B
QMg gVviove ao
—&& -5~ T
—r= = =
= 00 w»n & =
= - - 2
= o 08. a - b33
:O g %-n_. & a &
3l 8| =2 =2 & S
2] N S ~
g 238 —~ e N
= B I
o
E I
s o0 % F &
sla|l =22 = = ~
3 ~ Q Q Q o
< o o o 5 &
S| g 55 5 3 2
< = < < N o
M| E NS @ % 0
o 0 N <t g —
= I3IFEe T < po
w
2000 | | [
R
g g @ = <.
3 - 5 5 B &
3 Q Q Q. =
< Q. o [l =
S [l (=) (=3 %
< © 0 o Ly
M on ~ < enen
v
— | | |1
=
. —
) = <
@]
o
=
D
—
/'\g
819 2
7] °_o©
N \-/Q-‘
= —
RIS

METALLURGICAL AND MATERIALS TRANSACTIONS B



Table II.  Parameters Derived by Schiirmann and Stisovic!'® for Fe-C-Si-Mn-Al-P Alloys (Note That P is Not Considered In This

Equation)
T{ [°C] Si Mn Al
Ferrite (9) 1536 a=— 0.8384 a=— 0.9433 a=— 1.0011
b=3.544E3 b=—26E"* b=—28154E°
Austenite () 1526 a=— 0.6931 a=—0.9323 a=—0.9169
=— 0.0459 =_ 4.1584E* =_0.3084

Table III. Composition Range of the Samples Investigated Using DSC/DTA Techniques

C [Mass Si [Mass Mn [Mass Al [Mass P [Mass No. of
Constituent Systems Percent] Percent] Percent] Percent] Percent] Alloys
Fe-C-Si 0.007 to 1.56  0.49 to 439 — — — 46
Fe-C-Mn 0.054 to 0.30 — 1.02to 539 — — 10
Fe-C-Al 0.035t00.59 — — 037t01.97 — 28
Fe-P, Fe-C-P 0.004 to 1.38 — — — 0.026 to 0.76 26
Fe-Si-P, Fe-Al-P < 0.006 < 2.96 — < 1.66 0.092 to 0.096 8
Fe-Si-Mn, Fe-C-Si-Mn, Fe-Si-Mn-Al  0.005to 0.32  0.54 to 4.12  0.03 to 6.05 < 0.87 — 49
Fe-C-Mn-P, Fe-C-Si-Mn-Al-P 0.012t0 0.24 < 0.44 1.58 t0 2.01 < 0.74 0.005 to 0.33 12
All Data 0.007 to 1.56 < 4.39 < 6.05 < 1.97 < 0.76 179

chemical composition range, but suggests for high-al-
loyed Cr-Ni steels that the 77 temperature should be
relevant to the ternary Fe-Cr-Ni system and that Cr and
Ni have to then be excluded from the summation. On
the other hand, Miettinen and Howe!'¥ derived two
separated sets of equations (ferrite and austenite) for
both low-alloyed and stainless steels by performing a
large number of thermodynamic calculations using the
IDS database.”! Schiisrmann and Stisovic!'®! evaluated
their equation with the experimental data documented
by Howe!'” and additional thermal analysis measure-
ments from different steel plants ([pct C] < 1, [pct Si] <4,
[pct Mn] < 10, and [pct Cr] < 1.6) but the exact chemical
analysis of the commercial steel grades was not docu-
mented in the study. In this work,!"?! the parameter for
phosphorus was not derived by the authors. Phosphorus
strongly decreases the melting point of steel by ~ 25 to
35 °C per mass pct. (see Table I). If P is only considered
as trace element in steel (P < 0.025 mass pct.), the
equation will give accurate liquidus predictions but in
rephosphorized grades with typical concentration of
0.10 [pct P11 "¥ the resulting error of about 3 to 4 °C is
significant in optimizing the superheat in the continuous
casting process.

In total, liquidus temperatures of 180 alloys in the
Fe-C-Si-Mn-AlI-P system were determined using differ-
ential thermal analysis (DTA) and differential scanning
calorimetry (DSC). The alloys studied cover a wide
composition range (see Table I1I) with great practical
relevance for the continuous slab casting of flat products
as various recently developed advanced steel grades are
based on constituent thermodynamic systems:

METALLURGICAL AND MATERIALS TRANSACTIONS B

e high-strength interstitial free (HSIF) with 0.30 pct Mn
and P < 0.10 pct!'®

e transformation-induced plasticity (TRIP) steels with
classic alloying concepts of 0.175 to 0.25 pct C, 1.5 to
2 pct Mn, 2 pet (Al+ Si), and P up to 0.1 pet,!!”

e clectrical steel sheets with 1 to 3.5 pet Si,l'® P < 0.1
pct, 0.5 pct Mn, and 0.5 pct Al,

e low carbon (C < 0.10 pct) medium Mn steels with
manganese content ranging from 3 to 10 mass per-
cent,'”! and

e dual-phase (DP) steels with a typical composition of
0.06 to 0.15 pct C, 1.5 to 3 pct Mn,”” and 0.5 to 1 pct
Si.

A part of the DSC/DTA dataset has alread;/ been
published in previous work of the authors®'*® and
further liquidus data in the Fe-C-Al and Fe-Si-Mn-Al
key-systems are provided in the present study, see
Table IV. Additional background results of ternary
(Fe-C-Si, Fe-C-Mn, Fe-Si-P, Fe-Al-P), quaternary
(Fe-C-Si-Mn, Fe-C-Mn-P), and multicomponent
(Fe-C-Si-Mn-Al-P) alloys within the composition range
of Table III are considered in the discussion.

The typical experimental methodology is demon-
strated by examining four alloys in the Fe-Si-Mn-Al
quaternary system using DSC. The specimens for the
DSC measurements were prepared in a 25 kg induction
furnace by taking lollipop steel samples without any
deoxidizing agents (Al or Zr). The bath level was
protected by argon flushing in order to minimize the
contact between the atmosphere and the liquid steel. The
chemical analysis was determined using an optical
emission spectrometer (OES), type Spectromax Version
F (SPECTRO Analytical Instruments & Co.KG,
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Table IV. Continued

ATy,
(PW)

Si [Mass Mn [Mass Al [Mass P [Mass Ty (DSC/
Percent]

Percent]

C [Mass
Percent]

AT 4

AT

1.8
2.8

AT
8.4
2.4

4.1

AT O AT,

DTA)

— 28
0.5

Percent]

Percent]

References

1.3800
0.2060
0.1990
0.2030
0.1700
0.3400

Sample

0.7

0.6

- 0.6
—-0.2
- 27
- 1.6
—-2.1
-29

— 0.6
—-0.2
- 2.7

R=—=mnoan
—aa——S

0.7
0.6

- 1.2
- 12

33
32
28.3
30.3

6.1
7.0

5.5
15.7
27.4
- 2.1
- 2.7
- 1.9
- 25

- 1.0
- 04
- 0.1
- 0.6
0.6

— 0.1

0.3

- 3.7
— 14
- 175
— 8.1

0.2

- 172
2.1
2.3
2.0
33
4.4
- 2.6
- 22
— 8.6
— 8.2
—24
0.3

0.6
0.1
0.9
1.6
1520.6
1512.5
1535.9
1527.6

1427.7
1517.5
1516.3
1514.6
1507.0
1481.7

0.101
0.057
0.103
0.158
0.430
0.760
0.390
0.370
1.671
1.654
0.125
0.342
0.579

0.2130
0.3130
0.0350
0.1370
0.0048
0.0056
0.0053

0.0048
Note, that the present work (PW) differs from Miettinen and Howe’s formula!# only in the modified P coefficient of ferrite. T} in references?”!>”! were measured by DTA (NETZSCH STA409PG

Luxx); in references?>2*?°! and in the present work a NETZSCH DSC404F1 Pegasus was used. ATy = Ty (calculated) — T (DSC/DTA).

present work

Fe-C-Al 5

Fe-C-Al_6

Fe-C-Al_7

Fe-Si-Mn-Al_1

Fe-C-P_13

Fe-C-P_14

Fe-C-P_15

Fe-C-P_16

Fe-C-P_17

Fe-C-Al_4

Fe-C-P_12

— 44
—43
- 175
—43

- 19

0.5

1530.1

0.698

0.539

Fe-Si-Mn-Al 2

- 1.6

- 2.1
-29

1521.9

0.688

1.150
2.270
2.440

Fe-Si-Mn-Al_3

- 0.8

—11.6
— 12.8

3.6

2.4

1509.3

0.683

Fe-Si-Mn-Al 4

- 19

1508.0

0.868

0.718
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Germany). The final compositions of alloys FeSiMnAl-I
to FeSiMnAI-1V are listed in Table IV; the trace element
levels are given as C < 55 ppm, P <46 ppm, S <22 ppm,
and N < 44 ppm.

The DSC analysis was carried out in a DSC 404F1
Pegasus (NETZSCH Geritebau GmbH, Germany) with
an Rh furnace and a Pt DSC sensor instrumented with
type S thermocouples. Al,O3 crucibles with a volume of
85 ul and lids were used for all experiments; in each trial,
the reference was an empty crucible. The protective tube
of the Rh furnace was purged permanently with Ar 5.0
(purity 99.999 pct), and a thermally active Zr getter was
placed below the DSC sensor to avoid oxidation of the
sample at temperatures above 350 °C. The experimental
setup was calibrated by measuring the melting points
and melting enthalpies of NETZSCH’s standards of
pure metals In, Bi, Al, Ag, Au, Ni, and Co. In all DSC
experiments, a heating rate (HR) of 10 °C/min was
applied and samples of 50 mg were used.”® In the
following section an ‘“‘onset” in the DSC signal repre-
sents the first deviation from the baseline and corre-
sponds to the solidus temperature 75. A ‘“‘peak”
indicates the end of the phase transformation and is
defined as Tp. Detailed information on the analysis of
DSC and DTA signals can be found in the NIST-rec-
ommended practice guide.*”

Melting of Fe-based alloys takes place under a large
change in heat (AH > 200 J/g). Within the DSC analysis
of strongly endothermic phase transformations, special
care has to be taken in order to accurately determine the
equilibrium peak temperature. While the onset (75) in
the DSC signal is less affected by the heating rate, the
peak (77) is shifted to higher temperatures with increas-
ing HR."”! The generally accepted approach®® requires
measuring the liquidus peak with several heating rates
(e.g. 5 t0 20 °C/min) using new samples in each trial, and
the extrapolation of the HR-dependent peak to zero °C/
min gives the equilibrium liquidus temperature. In daily
DSC practice, the variation of heating rates represents a
work-intensive procedure. A more effective way to
exclude the experimental setup influences on the DSC
signal is provided by NETZSCH’s Tau-R software.!**-"
The Tau-R method enables the determination of the
equilibrium data from only a single DSC experiment. At
this point, the authors refer to their previous work>®
regarding more detailed information on the Tau-R
method and its successful application to characterize
melting equilibria in steel using DSC.

The DSC signals of samples FeSiMnAl-I to FeSiM-
nAl-IV obtained from heating with 10 °C/min and the
corresponding Tau-R calculations are shown in Fig-
ures 1(a) and (b), respectively. All signals were cor-
rected to the base line of 0.0 mW/mg and the given
solidus and liquidus temperatures are the average
values of at least two independent DSC runs. The
typical experimental error in measuring solid-liquid
phase transformations with the present setup is sug-
gested to be + 2 °C[ As expected, the onset
temperature (7s) is not dependent on the heating rate:
Ts measured with 10 °C/min and the equilibrium data
calculated using the Tau-R software are identical. In
measuring the peak temperature (77), the scanning
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Fig. 1—DSC signals of the Fe-Si-Mn-Al alloys corrected to the baseline of 0.0 mW/mg using a heating rate of 10 °C/min (¢) and Tau-R
calculations of the original DSC signals (b). All experimental temperatures given are the average values of at least two independent
measurements. Calculated phase diagram for the Fe-Si-Mn-Al alloys using FactSage 8.0 and FStel2019 database!® along with the experimental

results (¢).
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Fig. 2—Comparison between calculated liquidus temperatures''® ' and experimentally determined values in the Fe-C-Si system (a), Fe-C-Mn
system (b), Fe-C-Al system (c¢), Fe-Si-Mn/Fe-Si-Mn-Al/Fe-C-Si-Mn systems (d), and highly P-alloyed systems (e).

mode leads to significant superheating above the actual
liquidus temperature; the deviation of 7 to 10 °C
clearly demonstrates the necessary correction of the
DSC signal to get the real value of 7T7. With respect to
the primary phase (J, y) stable at 77, the DSC signals

indicate a single melting peak of the J-ferrite phase
which is in reasonable agreement with the phase
dldgram calculated in Figure 1(c).’) The thermody-
namic calculations of the vertical phase diagram
section were performed with a defined composition of
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Fig. 4—Comparison between calculated liquidus temperature!®'¥ and experimentally determined values in all thermodynamic systems (a) and
the corresponding enlarged section between 1450 °C and 1540 °C (b). Improved calculations in the P-alloyed system by modifying the P
coefficients of 3-Fe in Miettinen and Howe’s equation' (c).

Table V. Originally Documented Limits of Howe and Miettinen’s!"* Equation Based on the Defined Composition Range in Their
Thermodynamic Calculations Using IDS"! and Validated Composition Range of Their Work by Experimental DSC/DTA Data in
the Present Work (PW)

Reference C [Mass Percent] Si [Mass Percent] Mn [Mass Percent] Al [Mass Percent] P [Mass Percent]
(14 0 to 1.20 0to2 0to2 0 to 0.03
PW 0 to 1.56 0to 4.5 0to5 0to?2 0 to 0.10

For calculations up to 0.10 [pct P] the proposed modifications of the P coefficients for J-Fe are suggested.

Fe-0.70 pct Mn and a constant [pctAl]/[pctSi] ratio of
0.25. Due to induction melting practice, the [pct Al]/
[pet Si] ratio in the samples varies in the range of 0.23
to 0.36 (see Table IV). Hence, minor differences of ~ 5
°C between the calculated and measured temperatures
have to be considered in Figure 1(c).

The final equilibrium liquidus temperatures 77
(Tau-R) in the system Fe-Si-Mn-Al are summarized in
Table IV. In a first comparison with the analytical
equations,' ¥ the best agreement was found for the
studies of Kawawal'” (error 2.2 + 1.2 °C), Howe!'”
(error 1.3 & 0.6 °C) and Miettinen and Howel'"* (2.3 +
0.5 °C). The deviations are close to or below the typical
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experimental error. However, for C-free Fe-Si-Mn-Al
alloys, only the liquidus slopes of the binary system are
of relevance, as the interaction parameters with car-
bon!" cannot be evaluated.

The comparison between the DSC/DTA dataset
(Table IIT) and the calculations using the analytical
liquidus equations!'® ¥ is summarized graphically in
Figures 2(a) through (¢) and discussed in the following
subsystems:

e Fe-C-Si: The binary coefficients of the Fe-Si system
significantly differ in the equations. The liquidus slope
of — 7.6 °C/[pct Si] as proposed by Kawawal'”! sys-
tematically predicts too high values of Ty compared



to the measurements, while Kagawa and Okamato’s
equation " (= 14.39 °C/[pct Si]) results in slightly
lower calculated liquidus tem eratures. The equation
of Schiirmann and Stisovic!'® gives good correlation
up to 3 mass pct. Si; the error is typically smaller than
8 °C, which is in agreement with the evaluation of
high-Si commercial steels in their work!'¥ (error + 10
°C). Deviations of more than 40 °C were found in the
case of high amounts of Si (~ 4 pct) and C (> 1 pct).
Excellent results were obtained using Miettinen and
Howe’s equations.!'¥ The small averaged error of 1.7
4+ 1.2 °C indicates that the most suitable Fe-Si factor
for ferrite and austenite corresponds to about — 12
°C/[pct Si]. Even for the high- alloyed samples, the
consideration of the Si-C interaction!'¥ provides an
accurate description of 77.

Fe-C-Mn: As the liquidus slopes of each equation are
consistent, all liquidus formulas give very similar re-
sults (error < 4 2.5 °C). However, at [ipct Mn] > 5, the
calculations of Ty with equations' ®'*' lead to
higher deviations from the DSC results (AT = 4 to 6
°C). In thls system, the equation of Schiirmann and
Stisovic!'*! provides reliable predictions of 7j up to
the maximum alloying content of 5.3 mass pct. Mn
(error 1 £ 1.1 °C).

Fe-C-Al: Most recently published experimental data
of Stein and PalmP" showed that the addition of
aluminum increases the melting point of Fe in the
binary Fe-Al system by + 1 °C/[pct Al]. A local
maximum was reported at 1540 °C and ~ 5 mass pct.
AIPY before Ty continuously decreases with increas-
ing Al content, see Figure 3(a). 3" It is therefore
evident that at high Al content, CALPHAD based
thermodynamic optimizations are essential to accu-
rately model the liquidus phase boundary. In this
case, analytical equations for 77 have to include
numerous fitting parameters to reproduce the curva-
ture of the liquidus line for alloys with [pct Al] > 2.5.
Hence, the authors decided to consider only alloys
with Al content below the composition of the Fe-Al
inflection point covering the twaal composition
range typical AHSS ([pct Al] < 2).1'" " However, the
effect of Al on Ty is hardly measureable in ternary
Fe-C-Al vertical sections with 0.40,[pct Al], 1.60 [pct
Al] and 2 [pct Al], see Figure 3(b) In this alloying
range the minor chan%e of Ty is within the experi-
mental error of + 2 °C*% and a clear influence of Al
on the melting point in the Fe-C diagram!® cannot be
observed. In analytical equations for Ty the effect of
Al is considered in the expressions of Kawawal'” (—
3.6 °C/[pct Al]) and Howe!"?! (0 °C/[pct Al]). It can be
seen in Figure 2(c) and Table IV that the negative
coefficient in Kawawa’s equation!'” results in too low
values of Ty. In agreement with Howe’s study,!'*,
setting the Fe-Al coefficient specifically to 0 °C/[pct
Al], Miettinen and Howe’s equation!'¥ results in the
lowest deviation from the DSC data (AT ~ £ 1 °C).
In the case of the Schiirmann and Stisovict'” equa-
tion, the measurements are most presumably outside
of the valid composition range for Al. This results in
an unreliable stabilization effect of austenite and a
very high liquidus temperature.

e Fe-Si-Mn and Fe-C-Si-Mn: In general, all liquidus
equations evaluated provide sufficiently accurate
predictions of 7p, including calculations for alloys
contammg Si and Mn up to 4 pct. Again the work of
Howe!'? (error 1.0 £ 1.1 °C) and Miettinen and
Howe!' (error 2.2 + 1.5 °C) result in lowest deviation
from the DSC/DTA data.

e P-alloyed systems: Excellent predictions of 7p in
highly P-alloyed systems could be performed using
the equation of Howe!'?, showing a deviation from
the experimental results of only 1.4 £ 1.5 °C. Miet-
tinen and Howe's!'¥ coefficients underestimate the
decrease of T induced by alloying P, resulting in
systematically higher values of 77 in the Fe-P and
Fe-C-P systems. As all other ternary subsystems
(Fe-C-Si, Fe-C-Al and Fe-C-Mn) are well described
by their work, the deviation may result from a factor
too large for phosphorus. Compared to other
work,['> ' the parameter of P is considered to be
generally lower than — 30 °C/[pct P], whereas Miet-
tinen and Howe!'¥ suggest a value of — 24.78 °C/[pct

P] for ferrite and — 30.92 °C/[pct P] for austenite. It
has to be noted, that the P content of most alloys
investigated by DSC/DTA exceeds the defined valid
compos1t1on range of their derived equations (0.03
mass pet.')). The increased error of the Schiirmann
and Stisovic!'¥ equation is a consequence of the
missing factor of P. For that reason, the results will
not be discussed at this point.

By evaluating all 180 DSC/DTA measurements in
Figures 4(a) and (b), highly accurate liquidus tempera-
tures for steel were predicted using the equations of
Howem] (error 2.0 £ 2.7 °C) and Miettinen and
Howe!'Y (error 2.1 £ 1.6 °C). Although both equations
yield very similar calculdtlon results, the work of
Miettinen and Howe!'¥ offers the s1gn1ﬁcant advantage
of providing two separated equations for ferrite and
austenite. It is, therefore, possible (i) to identify the most
stable phase at the liquidus temperature based on the
initial chemical composition and (ii) to estimate the start
of the peritectic reaction during solidification in con-
junction with microsegregation models. For this equa-
tion, the authors suggest specifically setting the
parameter of aluminum to 0 °C/[pct Al] for the best
correlation in Al-alloyed systems up to 2 pct. Based on
the present experimental DSC/DTA data, the results
show clearly that Miettinen and Howe's!'¥ liquidus
formula may be used without hesitation for liquidus
calculations of steels even at elevated alloying content of
C (< 1.56 pct), Si (< 4.5 pct), Mn (< 5 pet), and Al (<2
pct) 0uts1de the originally documented valid composi-
tion limits!'* in Table V.

However, for the strongly segregating element phos-
phorus there is still some room to improve the ll?mdus
slope in the expressions of Miettinen and Howe.['*! By
fitting the binary coefficient and the cross product
parameter in their equations to the recently published
data 1% of Fe-P and Fe-C-P alloys in Table IV, values
of -35.23 °C/[pct P] and — 11.2 °C/([pct P] x [pct C)) for
0-Fe were obtained. The binary Fe-P coefficient for
ferrite is in reasonable agreement with the literature
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values!'® % (see Table I) and the interaction parameter

with carbon is not changed significantly. As only a few
liquidus data for austenite were available and the
correlation between the calculations and the measure-
ments is very accurate (1.4 + 0.7 °C), the y-Fe parameter
set!” (Table I) was kept unchanged. By using the
optimized factors for phosphorus, the error in the
P-alloyed systems could be reduced from 3.0 + 1.8 °C to
2.0 &£ 1.2 °C, and the overall error is then decreased
below the value of 2 °C (1.9 £ 1.4 °C). Further, by
introducing the modified phosphorus coefficient, the
concentration limit of Miettinen and Howe’s equation
could be extended up to 0.10 mass pct. P (Table V). The
improved calculations for highly P-alloyed samples are
graphically represented in Figure 4(c).

In summary, various analytical liquidus equa-
tions!'> ¥ for steel were evaluated based on a compre-
hensive DTA/DSC dataset of 180 alloys in the
Fe-C-Si-Mn-Al-P thermodynamic subsystems. Excellent
agreement was obtained with the most recently pub-
lished expressions by Miettinen and Howe.'¥ The
average error of 2.1 £ 1.6 °C is close to the typical
experimental error of + 2 °C in determining solid-liquid
phase equilibria with the present DSC/DTA setups.l*®
For this equation, the slight adjustments for the Fe-P
and Fe-C-P liquidus slope suggested here may help to
improve calculations for steel with higher P content.

The present work demonstrates a systematic method-
ology to evaluate liquidus equations using DSC and
DTA. Future research will focus on measurements of
the high-carbon austenite melting equilibria for systems
already examined in the past (Fe-C-Al, Fe-C-P,
Fe-C-Mn, Fe-C-Si-Mn, etc.) and further thermody-
namic systems (e.g., Fe-C-Si-Mn-P, Fe-C-Si-Mn-Al,
etc.) will be investigated.
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On the relevance of microsegregation models for process control in

continuous casting of steel
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Czech Republic.

Abstract: Microsegregation in general is the consequence of the different solubility of alloying
and residual elements in liquid and solid steel. The result is an enrichment of segregating
elements between the dendrites due to incomplete diffusion equalization. This enrichment
favours the precipitation of inclusions (e.g. MnS) during solidification as well as the formation
of hot tear segregations (HTS) along primary grain boundaries. Hence, the modelling of
microsegregation phenomena is an important task in order to predict the final product quality
and to optimize the process parameters in continuous casting of steel. A microsegregation
model based on the analytical solution proposed by Ohnaka was implemented in an in-house
1D-FV solidification simulation software. Considering equilibrium partition coefficients from
FactSage (FSStel2015) non-equilibrium solidus temperatures of various steel grades were
calculated. These results show very good correspondence with values determined from an in-
situ hot tensile on solidifying steel. Finally, the results were applied to calculate solidification in
a continuous slab casting machine and to analyse the strain in the mushy zone subsequently.
For selected steel grades the probability of HTS formation was predicted and the influence of

operating parameters was quantified.
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Abstract

Microsegregation in general is the consequence of the different solubility of alloying and residual elements in
liquid and solid steel. The result is an enrichment of segregating elements between the dendrites due to
incomplete diffusion equalization. This enrichment favours the precipitation of inclusions (e.g. MnS) during
solidification as well as the formation of hot tear segregations (HTS) along primary grain boundaries. Hence,
the modelling of microsegregation phenomena is an important task in order to predict the final product quality
and to optimize the process parameters in continuous casting of steel.

A microsegregation model based on the analytical solution proposed by Ohnaka was implemented in an in-
house 1D-FV solidification simulation software. Considering equilibrium partition coefficients from FactSage
(FSStel2015) non-equilibrium solidus temperatures of various steel grades were calculated. These results
show very good correspondence with values determined from an in-situ hot tensile on solidifying steel.
Finally, the results were applied to calculate solidification in a continuous slab casting machine and to
analyse the strain in the mushy zone subsequently. For selected steel grades the probability of HTS
formation was predicted and the influence of operating parameters was quantified.

Keywords: solidification, microsegregation, continuous casting, hot tearing

1. INTRODUCTION

Elements generally show a different solubility in solid and liquid steel. In contrast to the thermodynamic
equilibrium, the complete diffusion equalization of elements inside the solidifying microstructure is limited
under continuous casting conditions. The consequence is an enrichment of alloying elements and tramp
elements in the interdendritic melt. This phenomenon, known as microsegregation, has a decisive influence
on the process quality and subsequently on the final product properties: The enrichment favours the
formation of hot tear segregations (HTS) along primary grain boundaries as well as precipitation of inclusions
during solidification. Further, the segregation on microscopic scale could lead to a macroscopic
inhomogeneity in the center of the strand.

In the present work a microsegregation model based on Ohnaka’s analytical solution [1] was implemented in
an in-house 1D-FV solidification simulation software using input parameters from literature and FactSage
(FSStel2015). Further, an evaluation of liquidus formulas by the comparison with results from Differential
Scanning Calorimetry (DSC) measurements for a wide range of steel compositions was performed. A
published formula could be slightly modified and improved. Calculated solidus temperatures are in good
agreement with values determined from an in-situ hot tensile test on solidifying steel. Finally, the model was
used for the solidification simulation and the prediction of hot tear formation in a continuous slab caster.
Considering different steel compositions and secondary cooling strategies, the relevance of
microsegregation modelling regarding quality control in the continuous casting process is shown.
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2, MICROSEGREGATION MODELLING

2.1 Model description

Various models for the mathematical description of microsegregation during solidification have been
developed in the past [1-7]. Ohnaka [1] presented an analytical model based on the assumption of a
quadratic solute distribution profile in the solid. The solution of the model is given in Equation 1.

de, _ (1-k)d,

¢ Bk M
- e

¢ is the solute concentration in the liquid, fs is the fraction of solid, dc ist the change of the solute
concentration in the liquid corresponding to an increase of the solid fraction dfs and kis the equilibrium
distribution coefficient. The backdiffusion parameter $ depends on the dendrite geometry and the
dimensionless Fourier-Number a (B=2a for the plate-like model and B=4a for the columnar model). In
solidification processes a is generally defined by Equation 2, where Ds is the diffusion coefficient of
elements in the solid steel, t is the local solidification time and Az is the secondary dendrite arm spacing
(SDAS).

4Dy,

o =
2
/12

(2)

Setting '=1-Bk/(1+pk) and assuming that the backdiffusion parameter is constant within an increase of solid
fraction by Afs, integration of Equation 1 from fs to fs+Afs results in the semi-integrated Equation 3 according
to You et al. [8]. In the present work the semi-integrated form with a columnar dendrite structure (f=4q) is
applied for the microsegregation calculation.

1-k

L4, _ e 1-Tf, B 3
R L—r(ﬂmﬂ) ?

2.2 Input parameters

The temperature dependence of solute diffusion coefficients follows an Arrhenius approach (Equation 4),
where the gas constant R is 8.314 J / (mol-K) and T is the temperature in Kelvin. The used values for the
activation energy Q and Do are listed in Table 1.

D, = Doe_% (4)
Table 1: Diffusion coefficients of solutes in ferrite (&) and austenite (y) [6,9]
C Si Mn P S Al Cr Ni Mo Cu
5 Do [cm?/s] 0.0127 8.0 0.76 2.9 4.56 5.9 2.4 1.6 3.47 2.6
Q [108 J/mol] 81.4 248.9 | 2244 | 2301 214.6 241.2 239.8 240 241.4 240
Do [cm?/s] 0.0761 0.30 0.055 | 0.01 24 5.1 0.0012 | 0.34 0.068 | 0.7
Y Q [108 J/mol] 134.4 251.2 | 2491 182.7 | 212.2 245.8 219 282.4 | 246.9 286

Equilibrium partition coefficients are taken from FactSage (FSStel2015) [10]. SDAS is computed as a
function of local solidification time and carbon content as proposed by Pierer and Bernhard [11]. Further it
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was assumed, that if the enrichment of manganese and sulphur exceeds the solubility product of manganese
sulphide [12], precipitation takes place until the equilibrium concentrations are reached.

2.3 Evaluation of empirical equations for the estimation of liquidus temperatures

Numerous equations for the estimation of liquidus temperatures have been published in the past [13-17]. In
general these empirical equations are based on regression analysis from thermal analysis measurements or
thermodynamic calculations. With respect to microsegregation modelling, regression formulas are useful for
a simple prediction of the current interdendritic temperature and the solidus temperature, respectively.
Therefore, selected equations were evaluated with more than 300 Difference Scanning Calorimetry (DSC)
measurements [18]. The results for a wide range of steel grades are shown in Figure 1 (a) and (b). The
formula according to Kawawa already differs at high temperatures from the experimental results and shows
the highest deviation of 7.53 £ 9.20 °C, followed by Kagawa-Okamoto (K-O) equation with an average error
of 577 + 6.57 °C. The Howe and Schirmann-Stisovic (S-S) formulas show approximately the same
accuracy. However, best correlation between experimental data and calculated temperatures was found for
the Howe and Miettinen (H-M) regression polynoms with a deviation of 2.97 + 3.48 °C. Based on the
experimental data, an increase of the liquidus temperature by 2 °C / wt% was observed for aluminum
contents up to 3 wt%. Considering this coefficient in the H-M equations, a further improvement could be
achieved as the error decreases to 2.61 £ 2.32 °C. Since the optimized expression enables the precise
determination of liquidus temperatures even at high amounts of alloying elements, it is particularly suitable
for the application in the model.
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Figure 1: Comparison between measured liquidus temperatures by means of DSC measurements and using
empirical equations (a) and resulting absolute deviation for selected equations (b)

3. VERIFICATION OF THE MICROSEGREGATION MODEL

At the Chair of Ferrous Metallurgy the hot tearing sensitivity of different steel grades can be investigated by
the Submerged Split Chill Tensile (SSCT) -Test. The schematic representation of the SSCT-Test is shown in
Figure 2. Within the experiment a cylindrical test body is submerged into a superheated melt.
Simultaneously a thin shell solidifies on the surface of the test body and after a predefined holding time an
in-situ tensile test starts during solidification. If the initiated strain exceeds a critical value, hot tears can be
found in the following metallographic examination. The measured shell thickness and the detected position
and number of hot tears can be used for the correlation with the numerical simulation. Finally, the evaluation
of the calculated solidus temperature under non-equilibrium conditions and the prediction of critical strains
for hot tear formation are possible. A detailed description of the experimental procedure and the numerical
simulation of the SSCT test can be found elsewhere [19].
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Figure 2: Schematic representation of the SSCT-Test at the Chair of Ferrous Metallurgy [20]

In a first step the present “stand-alone” microsegregation model was compared with an already evaluated
model from You et al. [8] which is fully coupled with the thermodynamic database FSStel2015. On the
example of medium carbon steel with an increased phosphorus content of 500ppm and assuming a cooling
rate of 10 K/s, the calculated temperatures and concentrations in Figure 3 (a) show very good agreement.
Since both models are based on Ohnaka’s assumptions and use nearly the same input parameters, the high
correspondence indicates, that the algorithm was properly implemented.

Subsequently, an in-house 1D-FV solidification software involving the microsegregation model was used to
analyze more than 70 already available results from SSCT-Tests on Low Carbon (LC) und Medium Carbon
(MC) steels. In Figure 3 (b) the experimental values are plotted against the calculated solidus temperatures.
Although the deviation in case of MC steels (x 10 °C) is slightly higher than for LC steels (x 5 °C), the
obtained results are highly satisfying and confirm the present method of microsegregation modelling.
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Figure 3: Comparison of the present ,stand-alone” microsegregation model and a model which is fully
coupled with the database FSStel2015 (a) and the correlation with results of SSCT-Tests (b)

4, SOLIDIFICATION SIMULATION OF A CONTINUOUS SLAB CASTER

The 1D-FV software was applied for the solidification simulation and strain analysis in a 250mm continuous
slab caster considering a casting speed of 1.2 m/min. Thermal boundary conditions and casting machine
configuration are taken from the previous work by Arth et al. [20].

In continuous casting of slabs the internal quality regarding macrosegregation is mainly improved by the
installation of a softreduction close to end of the solidification. Practically, the final solidification point is
determined by the numerical simulation of the process. The precision of the simulation may decide, if the
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softreduction is successful or not. In order to demonstrate the relevance of microsegregation modelling for
the positioning of the softreduction, the calculated final solidification point is compared with the results
obtained under assumption of equilibrium conditions (=Lever-rule). Figure 4 (a) shows the calculated
metallurgical length for a Low Carbon (LC) and a Medium Carbon (MC) steel grade. Due to the low amount
of alloying elements in the LC steel, the difference in the predicted final solidification point Alver is negligible.
Higher amounts of strongly segregating elements like carbon, phosphorus and sulphur raise Alver
significantly up to 0.2 m. Further, the influence of segregating elements on the difference in the metallurgical
length is enhanced by the defined cooling program, as can been seen in Figure 4 (b). Maximum values of
Alver are observed for slow cooling rates (= soft cooling strategy) and high carbon contents. The positioning
of the softreduction according to the equilibrium conditions will miss the real final solidification point by 0.5 m.
Deviation on this scale may lead to a downgrade of the slab, or in the worst case to a rejection.

In the second part, the microsegregation model was used for strain analysis in the casting machine with
respect to the formation of hot tear segregations (HTS). In Figure 4 (c), the occurring strain € due to
bending, straightening, bulging and reheating (= accumulated strain) is compared with the critical strain
measured by the SSCT-Test. Intensive cooling results in low values of the predicted strain whereas the soft
cooling favours the strain accumulation during the process. However, under the assumption of 100 %
maintenance of the casting plant, the calculated strain in this case never exceeds the critical value. In Figure
4 (d) it can be seen, that microsegregation has decisive influence on the accumulated strain: Even at low
carbon contents (0.1 wt%) the calculated strain is nearly doubled compared to equilibrium conditions. Hence,
the microsegregation phenomenon has to be considered to adjust the casting parameters and to prevent hot
tear formation.
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Figure 4: Difference in the metallurgical length compared to equilibrium conditions: (a) in presence of
segregating elements and (b) in dependence of carbon content and cooling strategy; Calculation of
accumulated strain during casting and comparison with critical values from the SSCT-Test (c); Influence of
microsegregation modelling on strain accumulation compared to equilibrium conditions (d)
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5. CONCLUSION

By means of Difference Scanning Calorimetry measurements the published equation for the estimation of
liquidus temperature by Miettinen and Howe [17] could be slightly modified. Based on the experimental data,
an increase of the liquidus temperature by 2 °C / wt% was observed for aluminum contents up to 3 wt%.
The consideration of the coefficient leads to a further improvement of the equation. The optimized
expression enables the accurate calculation of liquidus temperature even at higher amount of alloying
elements and is thus used for determination of the current temperature in the microsegregation model. The
calculated solidus temperatures and concentrations performed with the present “stand-alone” model are in
very good agreement with a model from literature which is fully coupled to the thermodynamic database
FSStel2015 (FactSage) [10]. Further, the model has been evaluated with more than 70 hot tensile tests on
Low Carbon and Medium Carbon steels. The solidification simulations of continuous slab caster and the
subsequently strain analysis regarding hot tear show the relevance of microsegregation modelling for
process control in continuous casting processes.
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