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Abstract

The usage of low-grade ferrous scrap has increased over decades to decrease CO, emissions and to produce steel
products at a low cost. A serious problem in melting post-consumer scrap material is the accumulation of tramp
elements, e.g., Cu and Sn, in the liquid steel. These tramp elements are difficult to remove during conventional
steelmaking processes. Sn is considered as one of the most harmful tramp elements because, together with Cu, it
sometimes induces the liquid metal embrittlement in high-temperature ferrous processing, e.g., continuous casting
and hot rolling. Furthermore, the chemical interaction between Fe and Sn plays an important role in the Sn smelting
process. The raw material used in the Sn smelting process is SnO, (cassiterite), in which Fe,O, is a gangue in the Sn
ore. In the process, the reduction of Fe,0, is unavoidable, which results in forming a Fe-Sn alloy (hardhead). The
recirculation of the hardhead decreases the furnace capacity and increases the energy consumption in the
smelting. The need to efficiently recover Sn from secondary resources is therefore inevitable. The CAlLculation of
PHAse Diagrams (CALPHAD) approach helps to predict the equilibrium state of the multicomponent system.
Previously reported studies of the Fe-Sn system show inconsistencies in the calculations and the experimental
results. Mainly the miscibility gap in the liquid phase was under debate, as experimental data of the phase
boundary are scattered. Experimental study and re-optimization of model parameters were carried out with
emphasis on the correct shape of the miscibility gap. Three different experimental techniques were employed:
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differential scanning calorimetry, electromagnetic levitation, and contact angle measurement. The present
thermodynamic model has higher accuracy in predicting the solubility of Sn in the body-centered cubic (bcc),
compared to previous assessments. This is achieved by re-evaluating the Gibbs energies of the FeSn and FeSn,
compounds and the peritectic reaction related to Fe,Sn,. Also, the inconsistencies related to the miscibility gap
around X, = 0.31-0.81 were resolved. The database developed in the present study can contribute to the
development of a large CALPHAD database containing tramp elements.

Keywords: Fe-Sn, thermodynamics, CALPHAD, miscibility gap, contact angle measurement, DSC

INTRODUCTION

Over the decades, there has been an increasing demand for steel due to building, construction, and
transportation development. According to the forecast, worldwide steel consumption will reach 2500
million tons by 2050"". In addition to the rising costs of raw materials required to produce pig iron"”, the
global society is going towards a carbon-neutral state. Consequently, iron and steelmaking industries are
forced to reuse ferrous scrap materials to ensure competitiveness.

A severe issue in melting post-consumer scrap material is the accumulation of tramp elements, e.g., Cu and
Sn, in the liquid steel. These tramp elements are difficult to remove during conventional steelmaking
processes”. The main quality issue in high-temperature processes, e.g., continuous casting and hot rolling,
related to Sn and Cu, is forming a liquid Cu-rich phase at the scale-steel interface. The phenomenon can be
briefly summarized as follows: elements like Sn and Cu show less affinity to oxygen than Fe. As Fe gets
selectively oxidized, the relative concentration of Cu and Sn increases, leading to enrichment at the surface
or along the austenite (y-Fe) grain boundaries. Though the solubility of Cu in austenite is high in the
temperature range of 1,000-1,300 °C (mole fraction X, ~0.07-0.11)", Sn significantly reduces the maximum
solubility. If the saturation limit is exceeded, a Cu-rich liquid phase will form under oxidizing conditions.
The low-melting liquid may penetrate the steel along the austenite grain boundaries. This phenomenon is
well-known as liquid metal embrittlement!”. Further, Sn decreases the liquidus temperature of the Cu-rich
melt and favors its stability down to even lower temperatures.

The chemical interaction between Fe and Sn also plays an important role in conventional Sn production. In
the smelting process, Sn is extracted from SnO, (cassiterite). SnO, ore is often found with a gangue of Fe,O,
during mining. The reduction of Fe,O, results in the formation of a Fe-Sn alloy, known as hardhead**”. The
recirculation of hardhead decreases the furnace capacity and increases the energy consumption in the
smelting"". The need to recover Sn efficiently from secondary resources is now drawing attention'?..

Thermodynamic databases have been recently developed by the CALculation of PHase Diagrams
(CALPHAD) method"™' for a variety of alloying systems. Within the framework of this approach,
extensive experimental data, either from the literature or as the results of own measurements, are taken into
account to model the stable phases of one, two or three-component systems. The great advantage of self-
consistent CALPHAD databases is their accurate extrapolation to multicomponent alloys and the fast
calculation runtime using available thermochemical software packages!*'”. Therefore, a reliable description
of the Fe-Sn system can be used in future multicomponent databases to describe the mutual influence of Cu
and Sn on the high-temperature solubility limit in austenite or to predict the thermodynamic behavior of Fe
and Sn in the smelting process.
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In the past, researchers assessed the Fe-Sn system"***! using the Bragg-Williams (BW) model for the liquid
phase. The Gibbs energies of the solid solutions were formulated by the Compound Energy Formalism
(CEF)*, and intermetallic phases were considered as stoichiometric compounds. Particularly for the
miscibility gap in the liquid phase, information reported in the Fe-Sn system shows inconsistencies between
the calculated results and the experimental data. Also, experimental results are scattered, most likely due to
the experimental difficulty such as fast crystallization during the quenching of liquid alloys. Further, Kang
and Pelton” demonstrated that the BW model is often inadequate for elucidating the miscibility gap as the
calculated phase boundaries show higher and rounded shapes. The present study used three different
experimental techniques to determine the binodal of the miscibility gap. Also, the Fe-Sn binary system was
re-optimized using the Modified Quasichemical Model (MQM) in the pair approximation**** for the liquid
phase. The MQM was chosen due to its better performance in optimizing systems showing positive
deviations from ideal mixing and forming a miscibility gap with fewer parameters”. The CEF was
employed to describe the fcc and bec solid solution phases™!. Polynomial functions were used for the
temperature dependence of the Gibbs energies of the stoichiometric compounds, FeSn, FeSn,, Fe,Sn,, and
Fe.Sn,.

The crystallographic data of all stable phases in the binary Fe-Sn system are listed in Table 1. The phase
diagram consists of the liquid solution, the face-centered cubic (fcc) and body-centered cubic (bcc) Fe solid
solutions, pure Sn, as well as four intermetallic compounds (FeSn, FeSn,, Fe,Sn,, and Fe.Sn,).

The binary Fe-Sn system optimized in the present study is shown in Figure 1, along with the literature
data®. An essential feature of the phase diagram is a stable miscibility gap (Liquid, + Liquid,). During
cooling in the composition range of mole fraction Sn (Xj,) between 0.31 and 0.80, the homogeneous melt
separates into a Fe-rich melt (Liquid,) and an Sn-rich melt (Liquid,). The assessed consolute temperature is
1,365 °C at X, = 0.542; the monotectic temperature is 1,140 °C . In the Fe-rich part, bcc and fcc form a
closed fcc single-phase region, also known as “y-loop”™*”. The fcc phase shows a maximum solubility of
X, = 0.0079 at T = 1,167 °C. The solid/liquid equilibria on the Fe side are characterized by a bee/liquid two-
phase region between Xg, = 0.099-0.313 above the monotectic temperature. Below this temperature, the bcc
+ liquid phase region exists over a wide composition range. Complex phase equilibria can be identified
between the intermetallic compounds FeSn, FeSn,, Fe,Sn, and Fe,Sn, and liquid Sn or the Sn-rich melt,
respectively. Several transitions of the stoichiometric compounds are observed, discussed in detail in the
Section “RESULTS OF THERMODYNAMIC OPTIMIZATION”.

MATERIALS AND METHODS

In the present study, the liquid phase miscibility gap was measured to provide key data for the modeling of
the liquid phase. The sample preparation and methods were carefully selected. The present authors
conducted well-established Differential Scanning Calorimetry (DSC)“**! in combination with the less
common electromagnetic levitation technique™ and contact angle measurement”. This section
summarizes the sample preparation and experimental approaches used to evaluate the miscibility gap.

Sample preparation

Master alloys were prepared using an electromagnetic levitation furnace, as shown in Figure 2. Thanks to
the small chamber size of a fused silica tube (outer diameter 17.5 mm x inner diameter 16.9 mm x height
300 mm), it was easier to control the inner atmosphere against oxidation of the alloy. Conventional
induction or resistance furnaces were rejected to prepare the master alloys because of the considerable
chamber volume to maintain the reducing atmosphere since oxygen can prohibit the accurate
determination of the phase equilibria. The miscibility gap reported in the previous studies"**” exists in
XSn = 0.31-0.81. Detailed information on sample composition is listed in Table 2.
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Table 1. Crystallographic data of stable phase in the Fe-Sn system'”

Phase Pearson symbol Space group Strukturbericht Prototype
Liquid - - - -
fec cF4 Fm3m Al Cu
bcc cl2 Im3m A2 W
bct-Sn tl4 14,/amd A5 BSn
FeSn hP6 P6/mmm B35 CoSn
FeSn, th2 14/mcm Cle ALCu
Fe;Sn, hR10 R3m - -
FesSn, hP6 P6,/mmc B8, Ni,In
1600 T T N . T T % Ehret and Westgren (1933)
x o Campbell et al. (1949)
. X ;,‘ * * +X Liquid + Mills and Turkdogan (1964)
1400 o N o * v Hillert et al. (1967)
" . il > Kozuka etal (1968)
*x“ o X Shiraishi and Bell (1968)
bee o _ * ® Speight (1972)
1200 + Liquid + Liquid, + Liquid, )?i * = 1 o Predel and Frebel (1973)
— %! o i > ,'*- =12 A Nageswararao et al. (1974)
(&) foc > o~ » Treheux and Guiraldenqg (1974)
°_. 1000 o bee + Liquid > _ = Conolly and McAllan (1975)
P S PS | Malaman et al. (1975)
e 1 bee _-I - I o = ) e — Eremenko et al. (1976)
= J bce + Fe.Sn FegSn, + Liquid . #  Yamamoto et al. (1981)
‘a 800 = — i 4 A Yamamoto et al. (1981)
= ~ * Aita etal. (1981)
8 1 Z/ bec + Fe,Sn, i o 1 % Nunoue and Kato (1987)
€ 600 L ! ! FeSn + Liquid _ o Imaietal. (1991)
o - * Gaoetal. (2019)
= ° ‘i' —— Present study
400 . 4 & Present study (contact angle)
bee + FeSn Fesn |o  FeSn, * Liquid ®  Present study (DSC)
. ]
200 FeSn, o
FeSn, + Sn
0 1 1 1 |
0,0 0,2 0,4 0,6 0,8 1,0

Mole fraction Sn

Figure 1. Calculated Fe-Sn phase diagram along with data from literature™ “®".bcc: Body-centered cubic; DSC: Differential Dcanning
Calorimetry; fcc: face-centered cubic.

Electrolytic Fe (99.9 mass pct., Blyth & Co., Ltd., Japan) and pure metal Sn (RND Korea Corp., Sn: 99.999
mass pct., Gwangmyeong-si, Korea) were charged in an alumina crucible (outer diameter: 8 mm x inner
diameter 4 mm x height 10 mm). The crucible was placed in a fused silica cup in the chamber of the
induction furnace equipped with an RF (Radio Frequency) generator (30 kW, 260 kHz, PSTEK, Korea). The
power of the RF generator was turned on, and subsequently, the alloys were levitated and melted. During
the levitation and subsequent melting, Ar-5 %H, (g) was supplied to the reaction chamber at a rate of 1.0 L
min" using a capillary flowmeter. The Ar-5 %H, (g) was purified by passing through the CaSO, column and
heated Mg chips (500 °C). The oxygen partial pressure of the outlet gas was confirmed by a ZrO, oxygen
sensor (Daiichi Nekken Co. Ltd, TB-IIF oxygen analyzer, Ashiya, Japan), showing ~10% - ~10**atm. The
temperature of the levitated droplet was measured by a two-color pyrometer (Raytek, RAY2CBG, Santa
Cruz, CA, USA) and was controlled by independently adjusting the RF generator power manually. The
pyrometer was calibrated by measuring the melting temperature of pure Fe, pure Cu, and pure Ni with a B-
type thermocouple. The uncertainty on the temperature was estimated to be + 10 °C. In the experiments, the
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Table 2. Compositions used in the present experimental investigation

Experimental technique

Sample (c)?sr:i)posmon Differential scanning Contact angle Electromagnetic levitation
calorimetry measurement technique

| 0.365 Yes Yes Yes

1 0.414 Yes Yes No

111 0.523 Yes Yes No

\% 0.653 Yes Yes No

Vv 0.727 Yes Yes No

Prism —»gJ 2C-Pyrometer

I\
< .
Gas in

Quartz ET
tube
Record PC
—] Samml
3 vl ample
Q
:% ‘ ®<«— Coil
. Sample holder

——>
Gas out

<— Alumina rod

Figure 2. Experimental apparatus for the electromagnetic levitation test.

temperature was held at 1,600 °C for 2 min for mixing Fe and Sn. After a predetermined time passed, the RF
generator was turned off and the droplet was cooled down to room temperature in the furnace to prevent
oxidation.

Differential scanning calorimetry

All differential scanning calorimetry (DSC) measurements in the present study were carried out in a
NETZSCH DSC 404F1 Pegasus with an Rh furnace (T, = 1,650 °C) and a Pt sensor with thermocouples of
type S. Alumina crucibles with lids (85 ul) were used for all experiments. The protective tube of the Rh
furnace was purged permanently with Ar 5.0 (purity 99.999%). To minimize oxygen levels at high
temperatures, a Zr getter was placed directly below the DSC sensor. By this, oxygen is absorbed by the getter
material at temperatures above 350 °C. The experimental setup was calibrated by measuring the melting
points of NETZCH’s standards of pure metals In, Bi, Al, Ag, Au, Ni, and Co. More detailed information on
the used equipment can be found in the references'**".

The DSC signal strongly depends on the (i) sample mass, (ii) the applied heating rate (HR) and (iii) the heat
consumption/release (AH) during the phase transformation®. It was expected from thermodynamic
calculations" that by crossing the liquidus phase boundary (Liquid, + Liquid, <> Liquid) during scanning,
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only a minor amount of heat would be exchanged. Hence, pre-trials were carried out to identify proper
parameters for achieving a sufficient resolution in the DSC signal. Alloys I and V were selected to optimize
the DSC settings. The chemical analysis (X, = 0.365 and X, = 0.727) are close to the composition limit of
the miscibility gap (X, = 0.31-0.81) with the smallest Liquid , + Liquid, two-phase region. Therefore, the
maximum change of AH per time (t = AT/HR) was expected to intensify the signal. The defined time-
temperature profiles are graphically shown in Figure 3. Samples of alloys I and V with different masses (200
mg and 400 mg) were heated up at 30 °C min™ to 400 °C and held isothermally for 15 min to activate the Zr
getter. Then, three different DSC settings were tested for each alloy to determine the actual phase
transformations of interest: (i) sample mass of 200 mg with the most commonly applied HR of 10 °C
min""*; (ii) sample mass of 200 mg with increased HR of 20 °C min’; and (iii) sample mass of 400 mg with
HR of 20 °C min™. In the first time-temperature cycle, the samples were pre-melted at the respective HR to
a final temperature of 1,500 °C to guarantee perfect contact between the sample droplet surface and the
alumina crucible for the second cycle. Subsequently, the samples were cooled to 450 °C at -30 °C min" and
reheated to 1,500 °C with the defined HR to record the transition temperatures.

After the pre-trials, the actual DSC measurements for all samples I-V were based on the most proper
experimental parameters, and analyzed in detail within the Section “RESULTS OF EXPERIMENTAL
INVESTIGATIONS”.

Electromagnetic levitation technique

[50]

A previous study”™ reported that the metastable miscibility gap in Cu-Co-Fe liquid alloys could be
measured using the electromagnetic levitation technique upon undercooling. The experiment was
conducted to confirm the liquidus, solidus, and metastable-liquid separation temperature in Ar/He (g)
atmosphere. Ar (g) was provided for the inert atmosphere, and He (g) was added to increase the thermal
conductivity attributed to its low atomic weight. They observed a temperature change over time and
confirmed the peritectic temperature, liquidus temperature, and metastable-liquid separation temperature.
This study demonstrated that the slope change from the time-temperature profile could represent the phase
transformation temperature of the alloys. In the present study, this technique was employed to measure the

miscibility gap in the Fe-Sn binary liquid using electromagnetic levitation equipment.

0.6 g of Fe-Sn alloy sample were charged in an alumina crucible (outer diameter: 8 mm x inner diameter 4
mm x height 10 mm) and placed inside the fused silica sample holder. A reaction chamber made up of a
fused silica tube was permanently purged by purified Ar(g). Ar(g) was purified by passing silica gel and
drierite” for moisture and ascarite® for a trace of CO,(g). The flow rate was controlled by Mass Flow
Controller (KOFLOC, KOFLOC 3660, Kyoto, Japan). The MFC was preliminarily calibrated using a soap-
bubble-column technique. The melting procedure was the same as that described in Section “Sample
preparation” (also see Figure 2). The RF generator was turned on a current at 97 A under an Ar(g) flow rate
of 1.2 L min™. As soon as the RF generator power was turned on, the sample was immediately levitated and
melted. After the time-temperature profile showed a steady state, the injection of Ar(g) was replaced by a
subsequent injection of He(g) at a rate of 2 L min™. At the same time, the current of the RF generator was
controlled to cool down the sample to observe the slope change of the profile. When the sample was cooled
down and showed a steady state, the RF generator was turned off. The time-temperature profile during each
measurement was recorded by a PC connected to the pyrometer.

Contact angle measurement

Min et al®" measured the contact angle change upon cooling of Bi-Cu-Sn liquid alloys using the
constrained drop method and showed that this technique was capable of detecting the binodal temperature
of the alloys that separated into two liquid phases. They confirmed that the contact angle was sensitive to
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Figure 3. Time-temperature cycles defined in the DSC with two different heating rates of 10 °C min™ and 20 °C min.

the surface tension of the droplet, which changed significantly upon the two-phase separation. In the
present study, the contact angle of the liquid Fe-Sn binary alloy was measured in order to detect the binodal
temperature of the alloy.

The apparatus to measure the contact angle is schematically shown in Figure 4. A sample mass of 2 g of the
Fe-Sn alloy was placed on an alumina substrate, and charged into the hot zone of a horizontal resistance-
heating furnace (Lenton, LTF-17, Parsons Lane, UK with MoSi, heating elements of Kanthal U-type) under
an Ar-5% H,(g) atmosphere. Ar-5% H,(g) was purified by passing silica gel and CaSO, column for moisture
and ascarite for a trace of CO,(g). Since oxygen content could affect the contact angle, Ar-5% H,(g) was also
passed through the Mg and Cu turnings at 500 °C. The oxygen partial pressure was measured using a ZrO,
oxygen sensor and its pressure range was ~107-~107* atm. Ar-5% H,(g) was supplied into the furnace with
a flow rate of 0.2 L min” to minimize possible vaporization of the elements. The temperature of the
horizontal furnace was raised to 1,400 °C at 2 °C min" rate and held for 30 min. The melt temperature was
checked using a B-type thermocouple calibrated with the standard thermocouple (CHINO Corp., Model
C800-65, Type B, 0.5 mm in diameter, 1,500 mm in length, Tokyo, Japan). The temperature was lowered to
1,100 °C at 30 °C intervals. After holding temperature for 20 min at each temperature, a photograph was
taken with Nikon Camera (Nikon, D3100, Tokyo, Japan) with a Canon lens (Canon, SIGMA APO 70-300
mm F4-5.6 DG, Tokyo, Japan). After obtaining the photographs, the image was converted into a greyscale
image using Image J. The image was digitized and the digitized data were handled using Microsoft Excel to
run an algorithm developed by Lee et al.*” based on k-Means clustering”*?. This algorithm is an objective
algorithm that can be adopted without being biased by human decisions, and it was shown to be effective in
extracting the contact angle of a droplet. Details of this algorithm can be found elsewhere!™”..

RESULTS OF EXPERIMENTAL INVESTIGATIONS
Phase equilibria obtained by DSC
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Figure 5A and B present the DSC response during the heating of samples I and V (note that the results are
corrected by an arbitrary shift of the voltage). Detailed information on the interpretation of DSC signals to
determine phase transformations can be found in the reference"™. The first deviation from the baseline is
observed between 231.5-235.6 °C, corresponding to the melting of pure Sn (231.91 °C)"*. According to the
phase diagram in Figure 1, this phase transformation is predicted only for sample V from Table 2, indicating
that due to non-equilibrium cooling during the preparation of the samples, the microstructure did not reach
the equilibrium state at ambient temperature. Above 400 °C, only the second heating cycle of the remelted
sample is plotted in Figure 5. Both alloys show identical phase transformations. Again, this transition
sequence is calculated under equilibrium conditions only for a composition of X, = 0.727. It can be
therefore concluded that even by slow cooling in the calorimeter (-30 °C min™), the strong unmixing
tendency of Fe and Sn could not be avoided. The first onset at 517-520 °C may be assigned to FeSn + FeSn,
< FeSn + Liquid and/or FeSn, + Liquid < FeSn + Liquid in the phase diagram [Figure 1]. However, this
assumption is based only on the calculated phase equilibria. Between 778 °C and 804 °C, the Fe,Sn, + Liquid
and/or Fe,Sn, + Fe.,Sn, two-phase regions exist. Above 907.5 °C, the liquid is in equilibrium with the bcc
solid solution, representing the first phase boundary stable for all investigated compositions in the Fe-Sn
phase diagram [Figure 1]. As expected, the onset temperatures in Figure 5 do not systematically depend on
the used sample mass or the applied HR.

The monotectic temperature (bcc + Liquid < Liquid, + Liquid,) in Figure 5 is characterized by a peak in the
DSC signal. It is well known that peak temperatures are generally shifted to higher temperatures with
increased HR and larger sample mass"***. This fact was also observed in the present results. The peak
temperature depends on the liquid and bcc fractions below the monotectic temperature, which are
transformed into two liquid phases when the monotectic line is reached. According to the lever rule in
Figure 1, less bec is stable in the bee + liquid two-phase region with increasing Xg,. Due to the lower amount
of melting solid phase, the peak intensity was reduced and the peak temperature was detected at lower
values of about 1,130 °C; see for comparison 1,150 °C at X, = 0.365. Therefore, the actual aim of the pre-
measurements of identifying the liquidus temperature (Liquid, + Liquid, <> Liquid) could not be achieved.
Even increasing the HR to 20 °C min™ and using twice the mass of the samples (400 mg) did not result in a
detectable signal change by crossing the liquidus line above 1,200 °C.

Based on the pre-test, a reliable DSC analysis was possible for melting the intermetallic compound Fe,Sn,
(bce + Fe,Sn, <> bee + Liquid and/or Fe,Sn, + Liquid < bec + liquid). Both phase equilibria are stable at all
chemical compositions investigated in the phase diagram. The formation of non-equilibrium
microstructure components can therefore be neglected. The sample mass of 200 mg was selected, and a
heating rate of 10 °C min™ was defined. The DSC analysis of samples I to V is summarized in Figure 6A.
The bee + Fe,Sn, < bee + Liquid and/or Fe,Sn, + Liquid « bcc + Liquid phase transformation is obtained at
907 + 1 °C. More significant deviations are observed in the peak of the monotectic temperature, which can
be explained by the different bcc fractions melting during heating, influencing the intensity of the DSC
signal. The present work proposes a temperature of 1,139 + 5 °C for the bcc + Liquid « Liquid, + Liquid,
phase transformation. Figure 6B shows the enlarged section of the miscibility gap. Unfortunately, the
binodal line could not be obtained for any sample composition.

Results of the electromagnetic levitation test

Figure 7 shows the time-temperature profile change for sample I (X, = 0.365). The sample was held at
1,760 °C for some time and subsequently was cooled by blowing He(g). The temperature of the sample
decreased to 1,385 °C. During the cooling, there was no visible change in the slope to the time-temperature
profile, as was expected. Below 1,385 °C, the sample could not be levitated anymore due to the loss of the
levitation force. According to some of the previous reports®**>**, the binodal temperature was higher than
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Figure 5. DSC response by measuring samples | (A) and V (B) with three different setting combinations (200 mg with 10 °C min™, 200
mg with 20 °C min”,and 400 mg with 20 °C min™). DSC: Differential Scanning Calorimetry; DSC®™": Differential Scanning Calorimetry
results corrected by arbitrary shift of voltage; exo: exothermic heat change; HR: Heating Rate.

1,385 °C. Therefore, the present electromagnetic levitation test did not support the previously reported
higher binodal temperature. Additionally, it might be attributed to the fact that heat evolution during the
two-phase separation might be too low to detect in the present study, contrary to the case of the Cu-Co-Fe
liquid alloy™. It is consistent with the present DSC results. Therefore, the electromagnetic levitation test
was not applicable in the present system.

Characterization of the miscibility gap by contact angle measurement

The measured contact angles of the five samples are shown in Figure 8. The measured monotectic
temperature by the DSC measurement was also marked. During the contact angle measurement, the
temperature was varied from 1,400 °C to 1,100 °C.

The temperature interval was 30 °C, and therefore any abrupt change corresponds to the two-phase
separation of the liquid phase with an uncertainty of + 15 °C. Samples I and IV [Figure 8A and D] showed
noticeable changes in the contact angle at 1,265 + 15 °C and 1,310 + 30 °C, respectively. The other samples
I1, I1I, and V [Figure 8B, C, and E] showed weak changes at 1,295 + 15 °C, 1,355 + 15 °C, and 1,295 + 15 °C,
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Figure 7. Time-temperature profile for the electromagnetic levitation test using sample | (X, = 0.365).

corr,

respectively. Nevertheless, the contact angle changes upon cooling were more noticeable than those
observed using DSC upon heating and the electromagnetic levitation technique upon cooling. In the
subsequent thermodynamic optimization, the detected temperatures were regarded as the binodal
temperature consisting of the miscibility gap.
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Figure 8. The contact angle of the five samples (I to V) measured at each temperature: (A) X,, = 0.365; (B) Xy, = 0.414; (C) X, =
0.523; (D) X, = 0.653; and (E) X, = 0.727 Sn. Vertical dashed lines are the measured monotectic temperature by DSC (1139 + 5 °C).
Vertical thick lines with shade are the estimated binodal temperature with uncertainty.

The contact angle between pure liquid Fe and the alumina substrate varies in the range of 110 to 141" at
1,550-1,635 °C, and in the case of pure liquid Sn, the values are 131 to 165°*®' at 338-1,000 °C. The contact
angle of the Fe-Sn liquid alloys measured in the present study was lower than the reported values. Possible
reasons are (1) impurities in the ALO, substrate or (2) the roughness in the ALO, substrate. Although
oxygen contamination may happen at the surface of the alloys, the authors assumed that a significant
change in the contact angle could be interpreted as the occurrence of a phase transformation.
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THERMODYNAMIC MODELS

Liquid phase

In previous assessments of the Fe-Sn system!**”, the BW random mixing model was used for describing the
positive deviation of the enthalpy of mixing (Ah > 0) of the liquid phase. Kang and Pelton™ showed that
unless many empirical temperature-dependent parameters are used in the BW model, the shape of the
miscibility gap is often too high and rounded. The limited reproducibility of flat-shaped miscibility gaps
results from neglecting short-range ordering (SRO) as well as clustering. In this case, it was demonstrated "
that the accuracy of the liquidus phase boundary could be significantly improved using the Modified
Quasichemcal Model (MQM). Detailed information on SRO in liquid solutions can be found elsewhere'*’.
In optimizing Fe-based phase diagrams, Shubhank and Kang” and Tafwidli and Kang'®” successfully
applied the MQM modeling of the miscibility gap in the Fe-Cu and the Fe-C-S system, respectively. The
miscibility gap in the present Fe-Sn system may not be seen as a significantly “flattened”-shape, compared
to those discussed by Kang and Pelton. However, Kang and Pelton also showed that the MQM predicts
the miscibility gap (positive deviation) in ternary systems better than the BW model does™*". Since the
present study is a part of developing a thermodynamic database for a larger Fe-alloy system with tramp
elements, the MQM was employed in the present study.

A detailed description of the MQM can be found elsewhere"”. Hence, the model will be explained only
briefly in this section. In the pair approximation for a binary solution consisting of Fe and Sn atoms, the
following pair exchange reaction on the sites of a quasi-lattice is considered:

(Fe — Fe) + (Sn — Sn) = 2(Fe — Sn); Agpesn M

where (i - j) represent the first nearest neighbor pair and Ag;., is the non-configurational Gibbs free energy
change forming two moles of (Fe - Sn) pairs. If n;, and ng, are the numbers of moles Fe and Sn, n; is the
number of (i - j) pairs and Z;, and Z, are the coordination numbers of Fe and Sn, then the following mass
balances are considered:

ZpeNpe = 2Npepe + Npesn )
ZsnNsy = 2Ngpgn + Ngesn (3

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

Xij = nij/(nFeFe + Nspgn + Npesn) )
Xpe = Npe/(Npe + Nsp) =1 —Xsp (5)
Yre = ZpeNpe/ (ZpeNpe + ZsnNsn) = ZpeXpe/ (ZpeXpe + ZsnXsn) = 1 — Yy (6)

The Gibbs energy of the solution is given by:
G= (nFegge + nSnggn) - TASconﬁg + (nFeSn/Z)AgFeSn (7)

where gfe and 88 are the molar Gibbs energies of the pure components and AS“™ is the configurational
entropy of mixing given by randomly distributing the (Fe-Fe), (Sn-Sn) and (Fe-Sn) pairs in the one-
dimensional Ising approximation'®”:
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ASCOMi8 = _R(ngeInXge + ng,InXg,) )
_R[nFeFeln(XFeFe/Ylg‘e) + nSnSnln(XSnSn/YSZn) + nFeSnln(XFeSn/ZYFeYSn)]

The Ag;,s, may be expanded in terms of pair fractions:
S o
Agresn = Ag(li)‘eSn + 2121 glFOeSnXi'-‘eFe + Zjal gF]eSnX]SnSn ©®)
where Aglesn, gi%sn and 8resn are the model parameters that can be functions of temperature.

The equilibrium pair distribution is determined by setting

(aG/ anFeSn)nFe,nsll =0 (10)
which leads to the equilibrium constant for the pair formation in Reaction (1):
XI%‘eSn/(XFeFeXSnSn) = 4exp(_AgFeSn/RT) (1)

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

1 1 ( 2NFeFe ) + 1 ( NEesn ) (12)
— gFe Fe
Zre ZkeFe \2NFeFe+NFesn Zresn \2NFeFe+NFesn
[ 1 ( 2ngnsn ) ! ( NFeSn ) (13)
~ 7Sn Sn
Zsn Zgnsn \2Nsnsn+NFesn Z3nre \20snsn+NFesn

where Ziire and Zicsa are the values of Z, when all neighbors of Fe are Fes and when all nearest neighbors of
Fe are Sns, respectively, and where Z§is» and Z3ire are defined similarly. Ziés, and Zire represent the same
quantity and are interchangeable. The coordination numbers Ziér. and Z3is. were set to 6, whereas the

ratio of Zg,/Z, was set to 1 with Ziésn = Z¥s = 6 in the present study.

Solid solutions and stoichiometric compounds

Bcc and fec solid solutions were modeled using the Compound Energy Formalism (CEF)* with two
sublattices. Fe and Sn are located on the substitutional sites, while vacancy (Va) occupies the interstitial
sites. If all the sites in all but one of the sublattices are vacant, the CEF reduces to the BW random mixing
model™. Note that the vacancy sublattice is only considered to incorporate the present descriptions into a
multicomponent steel database. The Gibbs energy for fcc and bec is therefore defined by

G= (XFe ge + XSn (S)n) + RT(XFelrl XFe + XSnln XSn) + XFeXSn szO L‘lc‘e,Sn (XSn - XFe)v + Gglm (14)

where X; and G’ are the mole fraction and the molar Gibbs energy of component i. L. s, represent the

adjustable model parameters which can be a function of temperature. G}i°is the contribution due to
magnetic ordering. Its expression per mole of atoms was proposed by Hillert and Jarl**
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GIo = RTIn(B, + 1)g(1) (15)

where © = T/T, and T, is the critical temperature (Néel or Curie) and B, is the average magnetic moment
per atom.

The intermetallic phases - FeSn, FeSn,, Fe,Sn, and Fe.Sn, - were treated as stoichiometric compounds.

RESULTS OF THERMODYNAMIC OPTIMIZATION

Table 3 shows the assessed parameters in the present study. Data for pure elements were taken from the
work of Dinsdale!®. The calculated results are critically compared with the selected Fe-Sn assessments of
Kumar et al." and Miettinen”, which have been widely accepted until recently.

Thermodynamic properties of the liquid phase

The enthalpy of mixing in the liquid phase (Ah) was measured using calorimetry. Batalin et al.l"”!
determined the Ak in the whole composition at 1,600 °C. Also, a full range of compositions of Ah was
investigated by Petrushevskiy et al.'” at 1,677 °C. Liick and Predel measured Ah at 1,547 °C in a limited
composition range (X, < 0.229). They mentioned that it was difficult to obtain the data because of the high
evaporation rate of Sn in the liquid alloy.

Figure 9A shows the calculated partial enthalpy of mixing (Ah;, Ahg,) and Figure 9B the integral enthalpy of
mixing (Ah) of the liquid alloy along with experimental data and calculated results. Petrushevskiy et al."*”
measured slightly negative values for the Ah;, on the Fe side. The data show inconsistencies with the values
obtained by Batalin ef al'”. The data of Batalin et al.'”’ were considered more reliable. As also for Ah, a
reasonable agreement can be identified with the measurements of Liick and Predel*. The large positive
enthalpy of mixing indicates the stability of the miscibility gap. In the present study, both data sets by
Batalin et al.'” and Liick and Predel®’ were considered to model the liquid phase at X, < 0.25, representing
the main difference from the previous work of Kumar et al."” and Miettinen™'.

Activities of Fe and Sn in liquid alloys were investigated with Electromotive Force (EMF) measurement,
vapor pressure measurement, mass spectrometric method, and transportation method. Kozuka et al.*”
conducted the EMF measurement with Fe, FeO, and ZrO,-CaO solid electrolytes and used Sn-Fe alloys to
measure the activities of Fe and Sn at 1,100 °C and 1,200 °C, respectively. Wagner and St. Pierre””!
conducted the mass spectrometric method to measure the ionic intensities of the Fe and Sn and obtained
the activities of Fe and Sn at 1,287 °C and 1,537 °C. Also, Nunoue and Kato" and Yamamoto et al."* used a
mass spectrometric method to determine the activity at 1,550 °C and 1,600 °C. By vapor-liquid equilibrium,
Maruyama and Ban-ya"” conducted a transportation method, which was used to measure the concentration
ratios of the Fe and Sn in the vapor and metal phases to obtain the activity. Eremenko et al.”” measured the
vapor pressure with the effusion technique and Federenko and Brovkin and Shiraishi and Bell™
measured with the transportation method at 1,100-1,300 °C. Yazawa and Koike” determined the activity of
Sn by distribution of Sn between Fe and Pb alloys at 1,350 to 1,500 °C.

The activities of each component in the liquid alloys at 1,100-1,600 °C are represented as Ay = RT In ay, in
Figure 10. As shown in Figure 10A, the present calculation and previous studies"***’ show good accordance
with data from Kozuka et al.”” at 1,200 °C. Data from Wagner and St. Pierre™ seem to differ up to
X, = 0.15 due to the fcc phase appearance. Data from Shiraishi and Bell”™ show a slight deviation up to X,
= 0.3, and this might have been attributed to the condensation of SnO during the experiment, as mentioned
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Table 3. Model parameters for the Fe-Sn system optimized in the present study (J mol™ or J mol'K™)

Phase Model

Liquid MQM (Fe,Sn)

Ziicre = Zinsn = Ziesn = Zitsn = 6

Agres, 14,434.8 - 2.21752T - 7322X s 5, - 4184X ¢ 6, - 2928.8 Kpere)’
bce (a-Fe, 5-Fe) CEF (Fe,Sn),(Va),

G GHSERFE

G, GBCCSN

Lresnve 23,012 +8.9956T + 23,012(Xs,-Xs.)
ﬁFe:Va 2'22XFe[64]

Tereva 1043XFE[651

fcc (y-Fe) CEF (Fe,Sn),(Va),

Greva GFCCFE

Gspva GFCCSN

Lee snva 23012 -1.8828T

ﬁFe:Va _2'1XFe[66]

T 201X,

C(Fe:Va)
Stoichiometric compounds

FeSn C,(1IK<T<41K) =10 x 10T +51x10°T° +3.0 x10°T’
CL(41K < T<135K) = -12.051834 + 6.36436 x 10 T-3101986 x10°T*-1.92343 x 10”7
CL(135K < T<250 K) = 25827026 +157530 x 10T - 6659823 x 10°T* - 2.55233 x 10°T*
CL(250 K < T<1000 K) = 80-500T°°
H o5 = 8600, 5°505 = 79.2675, T¢, = 365K, o = 0.37

FeSn, C, (250 K < T < 505.08 K) = 55.4363 + 8.427584 x 10° T+ 9.3122 x 10°T?%- 3.710044 x 10T
C,(505.08 K < T <800 K) = 40.032397 + 7.605276 x 10 2T+ 4170258 x 10°T - 3112401 x 10° T +
221526 x 1077°°
C, (800 K < T<1811K) = 80.4167 + 879504 x 10°T-1.54718 x 10°T %+ 3.53562 x 107 T*+ 2.21526 x 107
T

H®, 05 = 14750, S°,05 = 128.5

Fe,Sn, C,(1K<T<50K) =196 x107T+6.6 x 10 T+1OX1OT
c (50 K< T<150 K) = -23.162953 + 1.286666 x 10° T- 8076442X1O T 3253589 x 10 T
c (150 K < T< 250 K) = 51.084372 + 4.385531 x 10° T 14oo1o9x1o T 6.38662 x 10 T
c (250 K < T< 400 K) = 61.585963 + 2.462198 x 10° T+324163 x10° T 5155945 x 10° T
c (400 K < T < 505.08 K) =103.4649 +1.018659 x 10° 72216314 x 10°T2- 3.63933 x 10°T* 2.28882
x10°T°%+1.83105 x 10T
C, (505,08 K < T< 800 K) = 346.009961 - 5.53886 x 10 °T-1308346 x 10°T2- 7.38 x 10°T* - 8.954057
x10°T % +1.031169 x 10°T"
C, (800K < T<1811K) =130.4253 + 2.638512 x 10 2T- 4.64154 x 10°T %+ 1.060686 x 10 °T*+ 2.21526 x
16770
H®,05 = -2100, 5°,05 = 206

Fe,Sn, C, (250 K < T<505.08 K) = 165.4545 + 1571964 x 10° T 4.01830 x 10 7’2 5,441320 x 10 °T?
C (505.08 K < T < 800 K) = 142348646 + 1.448618x10"'T + 5.713874 x 10°T* - 4.544854 x 10°T* +
332289 x 10777°
C, (800K < T <18T1K) = 202.9251 + 4.39752 x 10T - 7.73590 x 10°T %+ 1.76781 x 10 °T? + 3.32289 x
10T
H,05 = 30,128.19, 5%, = 356.0416

bcc: Body-centered cubic; CEF: Compound Energy Formalism; fcc: face-centered cubic; MQM: Modified Quasichemical Model.

in this study. In Figure 10B, the experimental data show inconsistencies with the assessments. In the
experiments of Eremenko ef al.””, Fe and Sn show similar vapor pressure, and this might cause a deviation
in the activity data. Yazawa and Koike"” distributed Sn between Pb-Sn and Fe-Sn alloys, expecting slight
mutual solubility between the two alloys. However, it is a practical problem during the experiment that Fe
could be entrapped and suspended into the Pb melt. This phenomenon might be the reason that shows the
deviation in the liquid activity since the activities diverged from fundamental activity behavior. In
Figure 10C and D, the data of Nunoue and Kato" and Yamamoto et al"” at 1,600 °C are in good
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Figure 9. Enthalpy of mixing in the Fe-Sn alloys: (A) partial enthalpies of mixing and (B) integral enthalpy of mixing. Curves are the
calculated enthalpies at 1,600 °C in the present study (solid), Kumar et al. (dashed)™, and Miettinen (dotted)[zol,along with
experimental data™ ", Reference states are pure liquid Fe and Sn.

agreement with the calculated results. The data from Maruyama and Ban-Ya"” and Wagner and St. Pierre™
deviates from the other observations. In general, the calculations of Ay, reasonably agree with the overall
activity data. Slightly lower values were calculated in the range of the equimolar composition, most likely
related to the miscibility gap in the phase diagram.

Thermodynamic properties of solid solutions and stoichiometric compounds

Activity data for the bce phase was only reported by Arita et al.”” by analyzing the concentration of Sn in
the interface between bcc and Ag-Sn liquid alloy. The activity coefficient of the Sn in Ag is essential to
obtain the activity data itself. The measured composition by Arita et al.*! was adopted and the calculated
activity coefficients at this composition were taken from Wang et al.”” The re-calculation was carried out as

follows:

ASn(in Fe) = ASn(in Ag) = YSn(in Ag) X XSn(in Ag) (16)

where ag,, sy and ag,, o, denote the activity of Sn in bee-Fe and liquid Ag, vq, ., is the activity coefficient of
Sn in liquid Ag from Wang et al.”, and Xy, », denotes the mole fraction Sn in liquid Ag. In Figure 11, the
data from Arita"” was recalculated, and this experimental data was compared with the present and previous
studies’ calculated results. As shown, the experimental data and the calculated results from all assessments at

1,200 °C accorded well.

Lafaye et al.”” employed Density Functional Theory (DFT) calculations for enthalpy of formation (Ah) of
compounds and solid solutions (fcc and bec). The calculated enthalpy of mixing of solid solutions was
compared with the DFT calculations from Lafaye et al.”” in Figure 12A for bce and Figure 12B for fec. The
Ah data of fcc and bec in DFT calculations at 0 K show the highest value at X, = 0.5, but these were
asymmetric toward Sn-rich side. The present calculations (curves) were not fitted to these DFT data, but
similar asymmetric nature was predicted after the assessment of the model parameters. Considering that the
DFT calculations also provide predicted results, the present results may be regarded as reliable estimations.
The data of Jannin et al. (concentration dependence of T, and B,) for bcc phases” were not considered in

the present study due to insufficient information.
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Figure 10. Relative chemical potential Ap,, (= RT In a,,) of Fe and/or Sn at (A) 1,200 °C; (B) 1,350 °C; and (C); and (D) 1,600 °C along
with experimental data”*****7°7* and thermodynamic assessments”?% from literature. Reference states are pure liquid Fe and Sn,
except for (A) where pure fcc Fe was used.

Zabyr and Fitzner” measured the Gibbs energies of FeSn and FeSn, using the EMF method at 374 to 578 °C
with FeCl, in (KCI-LiCl),,, as an electrolyte. Eremenko ef al."’ measured the Gibbs energy formation of
FeSn and FeSn, compounds by equilibrium distribution of Fe-Pb-Sn and FeSn, and Fe-Pb-Sn and FeSn, at
350 to 600 °C. The heat capacities of FeSn and Fe,Sn, were reported by Wu” and Sales"™’, who measured
the heat capacity from 0 to 380 K. The Néel temperature of FeSn was reported at 91.85 °C"*”\,

The heat capacity data of FeSn and Fe,Sn, from Sales™ and Wu"”! were adopted, as shown in Figure 13A
and B. The heat capacity of Fe,Sn, shows a similar trend in all calculations. The C, function of FeSn was
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Figure 12. Enthalpy of mixing at 25 °C of solid solutions in the present study compared with DFT calculations™: (A) bec and (B) fec.
bcc: Body-centered cubic; DFT: Density Functional Theory; fcc: face-centered cubic.

significantly improved, also demonstrated by the accurate prediction of the N¢el temperature at 91.85 °C*.
To evaluate the stability range in the phase diagram, the Gibbs energy information reported by Zabyr and
Fitzner'”, see Figure 13C, was used in the present study. Previous assessments"*** evaluated the Gibbs
energies of FeSn, and FeSn as somewhat negative, resulting in higher EMF values (dashed lines in
Figure 13C). In the present study, these discrepancies were resolved. This impacts the solubility of Sn in bec
phase in equilibrium with these phases, which will be discussed later.

Calculation of the phase diagram

A number of researchers”* ! reported the general constitution of the Fe-Sn phase diagram. For the two-
phase field of bee and liquid on the Fe-rich side, Arita et al."” equilibrated Ag-Sn and Fe-Sn and analyzed
the concentration of Sn with EPMA. Imai et al."” conducted the thermal analysis to determine the liquidus
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temperature from 1,474-1,512 °C and applied the melt equilibrium method at 1,450-1,500 °C to obtain the
liquidus and solidus line on the Fe-rich side. At low temperatures (500-900 °C) of the Fe solvus line, Predel
and Frebel™, and Nageswararao et al.”” measured the solubility limit for Sn in bcc from the lattice
parameters measurement by X-ray diffraction. Yamamoto"' investigated the solvus line of bce and the y-
loop in the Fe-rich side using the diffusion couple method between 800-1,100 °C. Hillert”” and Speight"*
measured the Sn solubility of bce and fcc using EPMA. Kozuka et al.” estimated the liquidus line on the
Sn-rich side by applying the EMF method from 900-1,100 °C. Eremenko et al.*” determined the Sn-rich
liquidus line by high-temperature melt equilibrium and quenching technique with the Sn addition in the
liquid alloy in the temperature range of 270-1,130 °C. Also, Campbell® determined the Sn-rich liquids with
the melt equilibrium technique.

The miscibility gap was measured by high-temperature melt equilibrium accompanied by quenching, and
mass spectrometry method. Mills and Turkdogan®”, Shirashi and Bell*”, Gao et al."”, and Campbell*”
measured the phase boundary of the miscibility gap at 1,125-1,550 °C by high-temperature melt equilibrium
technique. Yamamoto et al."”, Nunoue and Kato"* and Wagner and St. Pierre” used mass spectrometric
methods between 1,200 °C and 1,500 °C. Singh and Bhan"" investigated the compounds (FeSn, Fe,Sn, Fe,,
Sn) stability range with high-temperature X-ray diffraction (HT-XRD) at 498-923°C. Ehret and
Westgren"®, Trehux and Guiraldenq"™”, and Malaman®™' evaluated the stability range of compounds as
phase diagram information. Connolly and McAllan®™ measured the eutectic reaction of FeSn, using
resistance thermometry with a resolution of 0.1 mK.
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Table 4. Invariant reactions in the present Fe-Sn system

Invariant reaction Reaction Calculated temperature (°C) Literature data (°C)
Liquid, — bee + Liquid, Monotectic 1,140 1m7B

1,134

1,139 + 5 [Present study]
Liquid + bee — Fe,Sn, Peritectic 204 9108"

895"

907 + 1 [Present study]
1371

Liquid + FesSny — Fe;Sn, Peritectic 799 06
804"
807[19]
Fe;Sny;— bcc + Fe Sn, Eutectoid 784 821"
750[41]
7681
Fe,Sn, — FeSn + Liquid Peritectic 764 77057
761 (191
Fe;Sn, — bcc + FeSn Eutectoid 617 607"
97[84]
607[19]
FeSn + Liquid — FeSn, Peritectic 511 1387
5131
Liquid — FeSn, + Sn Eutectic 231 23211
232.06™

Figure 1 shows the calculated phase diagram using the model in the present study. Currently obtained
experimental results (DSC data for the monotectic reaction and the incongruent melting of Fe,Sn,) are
plotted along with the literature data. Overall experimental data show good agreement with the calculation
of the present study. The assessed phase diagrams in the previous studies"**” are compared in Figures 14
and 15 for the Fe-rich side, including the y-loop, Sn-rich side, and miscibility gap in the liquid phase. In
Figure 14A, the solubility of Sn in bcc in the range of 400-900 °C calculated in the present study showed
better agreement compared with the results of Kumar et al."” and Miettinen™’, due to the less stable FeSn
compound [Figure 13C]. DSC measurements carried out in the present study, bcc + Fe,Sn, = bee + Liquid
and/or Fe,Sn, + Liquid = bcc + Liquid phase transformation, showed more increased results and this was
reproduced in the modeling results. In Figure 14B, the y-loop in the Fe-rich region shows better agreement
with the data of Speight"". In Figure 14C, the calculated Sn-rich liquidus shows favorable agreement with
the available experimental data®”. The description was also dependent on the description of the miscibility

gap.

Re-assessment of the miscibility gap

Figure 15 shows the enlarged section (X, = 0.30-0.90) in the Fe-Sn system, including the miscibility gap.
The monotectic temperature from the DSC results was well reproduced in the present study. The slightly
higher binodal temperature of two samples (I and V) may be attributed to the low phase fraction of Liquid
or bce beneath the monotectic temperature, yielding less change of the contact angle. The miscibility gap
data reported in the literature showed inconsistent results, thereby less agreement with the previous
assessments. In a mass spectrometry study"*?, it might be difficult to detect noticeable ion intensity changes
during cooling upon passing the binodal temperature. High-temperature melt equilibrium followed by
quenching showed solid compounds precipitated in two-separated solidified liquids™. This was likely to
induce inaccuracies in the composition analysis of each liquid phase. In the present study, the contact angle
measurement could be a supplemental technique to identify the phase transition (Liquid — Liquid, +
Liquid,). Therefore, the probable shape of the miscibility gap in the Fe-Sn binary liquid was elucidated.
Subsequently, its description was assisted by the modeling using MQM, as shown in Figures 1 and 15.
Invariant reactions calculated in the present study are listed in Table 4.
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Figure 14. Enlarged sections of the Fe-Sn system: (A) Fe-rich region; (B) y-loop; (C) Sn-rich region along with experimental
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In Figure 15, all the miscibility gap data reported in the literature!>***>****l a5 well as those measured in
the present study are shown, along with the available model calculations"**”. The present study was marked
by a solid curve. It is seen that the present study and that of Miettinen™ resulted in the best explanation for
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the miscibility gap data reported in the present study. It is concluded that the previously reported “sharp-
peaked” miscibility gap was in error. Kang and Pelton discussed that many immiscible alloys exhibit a
“flattened” miscibility gap, which should be explained by considering non-random mixing (clustering)
between atoms"*”. The MQM is a suitable model for treating non-random mixing. The BW random mixing
model might be used, but with more adjustable model parameters. Furthermore, Kang and Pelton™’
demonstrated that the MQM performs well when extrapolating the binary miscibility gap to higher-order
systems, which is essential in developing a multicomponent thermodynamic database for numerous tramp
elements in steel.

CONCLUSIONS

Thermodynamic modeling of the Fe-Sn binary system was carried out with new experimental investigations
employing DSC, electromagnetic levitation technique, and contact angle measurement. The experiments
provided key experimental data which helped the modeling of liquid alloy’s Gibbs energy. The monotectic
temperature (Liquid, — bcc + Liquid,) and binodal for the liquid miscibility gap were measured, which
could resolve discrepancies reported in the literature. The liquid phase was modeled using the MQM in the
pair approximation, which was known to be superior in modeling solutions exhibiting demixing tendencies.
The following points were improved during the present thermodynamic modeling:

(1) Description of the previously controversial miscibility gap
(2) Gibbs energies of FeSn and FeSn,
(3) Low temperature solubility of Sn in bee

The developed database can be used as a part of a larger database for steel systems containing tramp
elements such as Sn.
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