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Abstract: The molecular interaction volume model (MIVM) developed by Tao is a fluid-based
model derived from statistical thermodynamics and fluid phase equilibria. The MIVM was applied
successfully to predict each element’s activity in Mn-based alloys, namely, Mn-C Mn-Fe, and Mn-Fe-C
systems. The MIVM calculated binary parameters between metals (Fe, Mn) and nonmetal (C) in
Mn-Fe-C alloys, confirming a strong interaction between Fe and Mn in Mn-Fe-C alloy. The MIVM
indicated that iron has a great influence on the activity of Mn and little effect on the activity of
carbon. A significant advantage of MIVM is its ability to explain the experimental phenomenon in the
Mn-Fe-C ternary system, whereby the predicted values are in good agreement with the experimental
data, showing that this model is reliable, convenient, and economic.

Keywords: thermodynamics; manganese; activity; molecular interaction volume model

1. Introduction

High-purity ferromanganese alloys have great potential in applications as structural
components in the automotive industry, such as for transformation-induced plasticity
(TRIP) and twining-induced plasticity (TWIP), due to their excellent tensile strength and
ductility properties as a result of their face-centered cubic austenitic structure [1,2]. The
development of these materials requires a full understanding of the thermodynamic sta-
bility of the phase constituting the binary Mn-C and ternary Mn-Fe-C systems. In order
to predict the smelting limit of C, a fundamental understanding of thermodynamic be-
havior of elements in ferromanganese alloy was essential to assess the thermodynamic
information of the liquid solution in Mn-based alloys, as well as reduce the evaporation of
manganese [3-6]. However, the use of molten Mn-C and Mn-Fe-C in liquid molten alloy
presents significant challenges in that the high smelting temperature of Mn, Fe, and C
requires a high operating temperature (1355-1500 °C) at various low CO pressures (Pco).
The present study was aimed at establishing a thermodynamic model of element behavior
in Mn-based alloys, which may be used as a predictive tool for a wide range of conditions
pertaining to the refining of these alloys [7,8].

The thermodynamic properties of ferromanganese alloys have previously been ex-
perimentally and theoretically investigated using Mn-C and Mn-Fe-C liquid alloys [2-14].
Wagner’s interaction parameters have been widely used for the evaluation of activity
of components in Mn-based melts, but they have limitations for multicomponent sys-
tems [5]. The unified interaction parameter formalism (UIPF) [10] developed by Bale and
Pelton [15,16] was even able to predict the thermodynamic properties of a quaternary
system (Mn-Fe-5i-C), but the Mn-based and Fe-based interaction parameters using UIPF
showed significant differences [17]. The phase equilibria and thermodynamic properties in
binary Mn-C alloy and ternary Mn-Fe-C alloy were assessed using phase diagrams, show-
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ing a negative or positive deviation with experimental data across the whole composition
range [2,4,11,18].

In previous work, the molecular interaction volume model (MIVM) developed by
Tao was shown to be capable of modeling the thermodynamic properties of most alloy
systems [19-25]. As the MIVM is derived from statistical thermodynamic and fluid phase
equilibria, it has the advantage in that its formulation does not require assumptions regard-
ing the composition of an element as solute or solvent, and it uses fewer fitting parameters,
which enables better stability and reliability when predicting the activity coefficients of
binary and multicomponent alloy systems across the whole composition range [19]. Tao
showed that his model could be used to predict the properties of multicomponent sys-
tems [20]. The study presented in this paper is part of a project aimed at providing a precise
and reliable thermodynamic model of MIVM which predicts the thermodynamic properties
of binary (Mn-C) and ternary (Mn-Fe-C) alloys.

2. Molecular Interaction Volume Model (MIVM)

The molecular interaction volume model (MIVM) developed by Tao is a fluid-based
model derived from statistical thermodynamics and fluid phase equilibria [19]. The MIVM
was fitted to experimental data using two parameters to represent the molar and partial
thermodynamic properties of the liquid solution. For the activity coefficients of i and j in a
binary i-j alloy, 7; and y; were derived as new expressions by Tao [19,24-26], introducing
two pair potential energy interaction parameters, B;; and B;;.

o Vi ) VinjBii _ ViniBij
In; = ln(xiVmi+ijijji) + x](xiVnzi+xj‘/yniji ijm]'eriVmiBij)
sz( Z,szl lnle ZjBl] h’lBl] ) (1)
-7 2 2
2 (Xi+Xiji) (x]-—O-xl-B,-]-) ’
_ Vinj VinjBji ViniBij
Inyj = lrzl(XijjeriVmiBij) x’(xiVnzi+Xijiji ijijinVmiBij) 2
_ﬁ( ZjBj;In By ZBjiIn Bj; ) 2
2 7

(x]'+xiBij)2 (xi-&-ij/-,')z

where x; and x; are the molar fractions of components, Z is the input parameter as the
first coordination number, and V, is the molar volume in the alloy liquid state. The pair
potential energy interaction parameters B;; and B;; are defined in Equation (3).

—(eji — &) —(eij — ¢jj)
Bji = eXP[T]/Bij = exp[?}. 3)
The coordination number Z; of liquid metal can be predicted using Equation (4).
42m 1 =1 AHyi (T — T
Zi = (") piT i eXP(—ml( e )), @)
3 Twmi— Tmo Z:RTT,,;

where p; = N;/V; = 0.6022/V,,; is the molecular number density, AH,,; and T,,; are
the melting enthalpy and temperature, respectively, Z. = 12 denotes the close-packed
coordination, T is the liquid metal temperature, and ,,, and r,,; are the values of the initial
and first peak of radial distance in a radial distribution near the melting point, respectively.
Specifically, 7,0 may be fitted as proportion of the atomic covalent diameter, d.,y;, which
implies that a covalent bond length formed should share the outmost valence electrons
with other atoms approaching the closest distance between adjacent atoms, whereas r,,; is
approximated to the observed atomic diameter ¢;. Therefore, the following equation holds:

roi = 0.918dcovi, Tmi = 0;- ©)
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Equation (5) is not suitable for nonmetal element C [17,24]. Its coordination number is
calculated using the following equation:

Z; = (ZisZ1Ze)"? = (120Z;)'73, ©)

where Z;; is the coordination number of element i in a solid state, Z; = 10 is the coordination
number of a liquid, and Z. = 12 is the coordination number of a close-packed solid. Thus,
Z;s = 4 for nonmetal C in a solid state, while Z. = 7.83 in a liquid state. The required
parameters for the pure components are listed in Table 1.

Table 1. Input parameters of the three elements in the MIVM.

i Vi (cm®.mol-1) AH,,; (k] mol—1) o; (108 cm) deoyi (108 cm)
Mn 9.54-[1+1.6 x 1074-(T — 1517)] 14.6 2.61 2.34

Fe 794 [1+1.3 x 1074-(T — 1808)] 13.77 2.55 2.34

C 5.30 - 1.82 1.54

To determine the value of Bypinc and B, in the Mn-C alloys, their component activi-
ties were fitted according to Equations (1) and (2) using the MIVM expression. The error of
aymn/ac was determined by calculating the minimal error. The activities of Mn and C in the
alloy were obtained from appropriate references [7,8]. The error in Mn-C binary alloys was
minimized using Equation (7) via a nonlinear least-square analysis; this iterative method
was applied to optimize the interaction parameters using the numerical solver in Matlab.

To confirm that the solution for the interaction coefficients of Bym,c and Bewyn did
not depend on the choice of initial values in the optimization process, the error (Bymc
and Bcyn) was plotted as a 3D graph. As seen in Figure 1 for the representative case of
Bymnc and Bewn, there was only one minimum in this function, and coordinates of this
error value were calculated as a function of this minimum using the numerical solver in
Matlab. Experimental data for the Mn-C alloy were sourced from extensive studies at
1628-1773 K [2-14]. To evaluate the goodness of fit, the error in the partial ug\/In,exp and

aévm pre Was also calculated, as defined in Equation (7).

i i i i
Error — 1 i; aMn,exp/aC,exp B aMn,pre/aC,pre

i i
i3 aMn,exp/aC,exp

, @)

where aﬁvm,exp and a;/m,pre are the experimental data and the predicted act'ivity Valugs of
component i by MIVM, respectively; a similar expression describing how a¢ exp and a¢ pre

vary with component i indicates the minimized error of activity, and 7 is the number of
experimental data points.

Figure 1. Representative case of error as a function of Byic and Bewy, in the case of Mn-C liquid
alloy at 1772 K (minimum obtained for Byj,c = 1.780 and for By, = 1.343).
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3. Results and Discussion
3.1. Evaluation of Bpp,c and Bepry, in Mn-C Binary System

The activity values of Mn-C binary alloy were measured using MIVM and sourced
from previous work, as shown in Figure 2. The values were calculated for B;; and Bj; at the
specific temperatures listed in Table 2. In order to assess the goodness error of ac and apgy,,
the activity of Mn and C in Mn-C binary alloys was calculated using different models [2-14].
In these studies, Kim et al. [7] and Katsnelson et al. [8] obtained their data from a variety
of experimental measurements, whereas Paek et al. [4], Li et al. [10], Chen et al. [13], and
Young et al. [12] calculated their model using previous data. Kim et al. [7] measured the
variation in CO pressure as a function of temperature from 1673 K to 1773 K over a wide
range of components Xc (0 to 0.3) using the Gibbs-Duhem equation, which was intergrated
through Belton-Fruehan treatment. Katsnelson et al. [8] also measured and calculated
the activity of Mn and C in Mn-C binary alloy using the Gibbs-Duhem equation, with
Xc =0.114 and 0.278 at 1673 K and 1638 K, respectively. Li et al. [10] utilized the unified
interaction parameter model (UIPM) developed by Bale and Pelton to assess the activity
coefficient of each component, as well as the solubility of carbon, in Mn-based alloys for
the first time, showing a negative and a positive deviation from experimental data at
1773 K and 1673 K, respectively. Then, Young et al. [12,14] calculated the thermodynamic
properties of Mn-C binary alloy using UIPF, showing a positive or negative deviation at a
lower carbon concentration (Xc < 0.15) compared with experimental data. Peak et al. [4]
and Dejan et al. [2] calculated phase diagrams of the Mn-C binary system, revealing that
these data were not in particularly good agreement in the range of compositions studied
(Xc <0.3). Chen et al. [13] calculated the relationship between thermodynamic properties
and specific temperatures in Mn-C systems, showing that the calculated values coincided
with the experimental data; however, this method based on thermodynamic deviation and
calculation cannot be easily extended to other alloys with multiple components. The error
results of ay, /ac are listed in Table 3 as the average relative error given by Equation (7). It
can be seen for MIVM that most errors at various temperatures were much smaller than
those for others models characterizing liquid alloy in the range of 1628 K to 1773 K. This
demonstrates that the MIVM for Mn-C alloy is effective and reliable for predicting the
activity values of each component.
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90

— — —Katsnelson,1628K - — —Katsnelson,1673K
— MIVM,1673K — MIVM,1773K
—-—- Young et al.,1673K —-—- Young L.Lee,1673K
“ -----LiH.J,1673K ---—-LiHJ.,,1773K
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Figure 2. The calculated activity of Mn/C in Mn-C melt at 1673 K and 1773 K compared with
experimental data.
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Table 2. Calculated values of Byc and Beyn using MIVM in Mn-C binary liquid alloys at 1628 K to
1773 K.

T(K) Bmnc Bcwmn
1628 2.111 0.969
1673 1.809 1.201
1723 1.780 1.343
1773 1.679 1.703

Table 3. Error comparison between experimental data in previous work and predicted values using
different models for the pair potential interaction parameters in Mn-C liquid alloys at 1628 K to
1773 K (%).

Error 1628 K 1673 K 1723 K 1773 K
MIVM 5.19 4.10 3.23 5.56
Young et al. 6.29 5.38 4.62 6.94
Lietal. 6.35 5.46 3.64 6.83
Chen et al. 5.18 4.21 3.25 4.52
Katsnelson et al. 3.46 11.24 - -

The Inyym-Xc and Inyc-Xc relationships were established at each temperature using
Equations (1) and (2), as shown in Figure 3A,B. To evaluate the goodness of fit, the av-
erage errors in the partial Gibbs free energy of Mn and C are also indicated, as defined
in Equation (8). A similar expression can be used to describe how the error (ac) varies
with composition.

Error (apt) = (Y 1y (In(@ntmexp) — I(@ntnpre)) )2/ 1 ®)

Yang et al. [22], Liu et al. [23], and Yan et al. [27] calculated the related binary pa-
rameters (B;; and Bj;) using activity coefficients In/{” and In 'y]f” of the binary liquid alloy
using MIVM. The infinite dilution activity coefficients ;* and 7;* of the binary liquid alloy
were assessed when X; and X; approached zero, respectively. However, the related binary
parameters of Bync and Bewp for these components cannot be easily obtained using the
above method, mainly due to the activity coefficient of carbon at infinite dilution ()
(Xc = 0). This coefficient was calculated in previous studies, showing significant distinc-
tions (Figure 3A). In addition, at various experimental temperatures, the lowest equilibrium
ultralow carbon content was X¢ = 0.022 (2.93 wt.%) under ultralow CO partial pressure,
resulting in inaccuracies when calculating & in the low-carbon range.

673K 773K
LiHJ, 1673K  =-=Li. L, 1773K
- 67:

o0 0 ° ®)

1.6F-C

——MIVM,1673K
——MIVM,1773K
rrrrrr Li HJ1673K
rrrrrr Li HJ,1773K
L ---- YoungL.Lee, 1673K
-+~ YoungL.Lee, 1773K
Dejan D.,1773K
Dejan D.,1673K
@ Kimetal, 1673 K --==Katsnelson et al.,1628K
9 Kimetal.,1723 —-=- Chenetal,1673K
Kim etal, 1773 -0.75 |- —= Chenetal 173K

Huang, 1673k @
Tanaka, 1673K

Edstrom et al.,1628K.
Katsnelson et al,1628K

@ Katsnelson ct al.,1628K

Kimet al.,1673K
Kimetal.,1723K
Kimet al.,1773K

L3I - N

1 1 1 1 1 1 1
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Figure 3. Inyp, (A) and Inyc (B) vs. Xc concentration in Mn-C liquid alloys at 1628 to 1773 K;
experimental data are represented by symbols, while solid and dashed lines represent ay,/ac
modeled herein using the MIVM and other models, respectively.
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The measured and estimated activity coefficients of Inyc and Xc for the Mn-C system
are shown in Figure 3A. Katsnelson et al. [8] reported a significant positive deviation of
manganese activity when compared with the results of Kim et al. [7] and Huang et al. [28],
revealing worse fitting with the experimental data. Dejan et al. [2] calculated the rela-
tionship of Inyc and X¢ using a phase diagram, showing a significant difference between
calculated values and experimental data in the range of compositions studied (Xc < 0.24).
The present assessment using MIVM agrees reasonably with most experimental data and
other assessments. However, the activity coefficient of carbon at infinite dilution ()
(Xc =~ 0) showed significant distinctions in previous studies. The calculated activity coeffi-
cients of Mn in Mn-C alloy at temperatures ranging from 1628 K to 1773 K are compared
with experimental data and other models in Figure 3B, showing both positive and negative
deviations. The agreement between calculated and measured values using MIVM was
satisfactory. The errors (ap1, and ac) in Mn-C liquid alloys are listed in Table 4 as the
average relative error calculated using Equation (8). Compared with previous studies, the
MIVM showed a significant advantage through its ability to predict the thermodynamic
properties across the whole composition range using the binary activity coefficients of
Mn-C alloys.

Table 4. Errors (apy, and a¢ ) in Mn-C liquid alloys at 1673 K and 1773 K calculated using different
models or experimentally measured by Kim et al. at 1723 K and Katsnelson et al. at 1628 K.

Error (kJ/mol) T/K MIVM Li etal. Young et al. Dejan et al. Chen et al. K11171;; tKal. Katsrllg;ssoltz etal.
1673 K 0.12 0.11 0.13 0.54 0.13
Error (ac) 1773 K 0.14 0.61 0.18 0.42 022 0.13 0.14
1673 K 0.59 0.71 0.64 0.78 0.60
Error () 1773 K 0.65 112 123 0.95 0.86 0.56 0.61

As shown in Figure 3A, this phenomenon may be partially attributed to experimental
error at high Mn content. If the observed trend is representative of the thermodynamic
properties of Mn-C alloy, it suggests that Mn-Mn interactions become more favorable than
Mn-C interactions at high Mn content [20]. Figure 4 shows the environment of each atom
in Mn-C binary alloy, where it appears that the environment of C is quite different from
that of Mn. Therefore, this indicates that the interaction between Mn and C is probably
affected by the strong interaction between Mn and its nearest neighbors in the range of
compositions studied. This can explain why other models revealed a significant deviation
at high manganese content. Therefore, the interaction parameters in MIVM are effectively
dependent on the system composition [20]. A significant advantage of MIVM is its ability
to explain the experimental phenomena at high Mn content in Mn-C binary systems. This
shows that the MIVM with binary parameters is more effective and reliable than other
models in predicting the Mn and C activities of binary systems in the range of given liquid
compositions and temperatures.

Mn-C
c Mn-Mn Lt

= | |

& )

Xmn 1 0.9 0.8 0.7

Figure 4. Environment of each atom in Mn-C binary alloys determined from MIVM modeling.

3.2. Mn-Fe Binary System: Evaluation of By,r. and Bremy

Thermodynamic modeling of the Mn-Fe system was performed by Huang [28], and
the results are included in most commercial thermodynamic databases. Witusiewicz [29]
investigated this system paying attention to the enthalpy of formation and heat capacity
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Iny; =1+ In(

of Mn-Fe alloys. Recently, Huang et al. [30] assessed the Fe-Mn binary liquid phase
using the modified quasichemical model (MOM) in pair approximation. Li et al. [10] and
Young et al. [12,14] reasonably assumed that Fe and Mn formed an ideal solution, whereby
the first-order and second-order interaction parameters, erere and €pepere, Were negligibly
small and taken as zero. However, the thermodynamic behavior of manganese was not
identical to that of iron, despite some similarities. The formation of Mn-Fe alloy resulted
in a lower activity of manganese compared to pure manganese, with limited manganese
vaporization losses [6]. Tao [19] showed that MIVM with binary parameters was more
effective and reliable than UIPM in predicting the activities of all three components in
the ternary system Mn-Fe-P. Furthermore, the thermodynamic parameters of the Fe-Mn
binary liquid phase was determined using MIVM by establishing a relationship between
Buvmnre and Bremn, According to Tao’s MIVM, the temperature dependence of Byinpe can be
described by (B y1,r,) = —(MnFe — €Fere) /KT, where € p1,p, is the pair potential energy
of a central Fe atom and its first nearest neighbor Mn. A similar expression can be used to
describe how Bpempn varies with the composition. Tao et al. assumed that the pair potential
energy interaction parameters (€ ytre — €rere) /k and (€epn — EMnmn ) / k were independent
of temperature. The interaction values of Byinre, Bremn, OMnFe, and Openm in liquid Mn-Fe
binary alloys are presented in Table 5.

Table 5. The interaction values of Byinre, Bremn, OMnre, and Ogeny in liquid Mn-Fe binary alloys
at 177 K.

Element BMnre BfeMn (eMnFe—&Fere)/k(K) (&FeMn—&Mnmn )1k (K)
Mn-Fe 0.9619 0.9853 69.8 26.3

3.3. Verification of MIVM in Liquid Mn-Fe-C Alloys

Tao et al. [25,26] derived the variation of activity for each component of an i-j-k ternary
alloy by assuming that the energy of a j atom next to a central i atom was the same in
the presence or absence of a k atom next to the i atom. The activity coefficient of each
composition in Mn-Fe-C liquid alloys can be expressed using Tao’s formula. Considering
the Mn-Fe-C liquid alloy as an i-j-k ternary system, the activity coefficients of component
i (Mn) can be written in the form of Equation (9). A similar expression can be used to
describe how the activity coefficients of Fe and C vary with composition.

Vipi iVini XjViniBij

mi —_ X, —
X3 Vini X5 Vi jBji X Vi B ) Xi Vini+XVinj Bji+X Vi Bri - XiVii Bij+Xj Vipj+ Xy Vi By
Zi(ijji+kaki)(ijji In Bji+kaki In By;)

(xi+ij]-i+kakl-)2

kamiBik 1 +ij]-Bi]-[(xj+kakj) In Bij_kakj In Bk]] (9)
X Vini Bik+X Vi B+ X Vi 2 (xl-B,-j+xj+kakj)2
+ ZkaBkiKX]‘Bjk-‘rxk) In Bik_ijjk In B]k]

(xiBik_"ijjk""xk)z

In order to assess the properties of the ternary liquid, such as C solubility and the
activity of Mn, Fe, and C, the parameters of the MIVM for the Mn-Fe-C ternary liquid phase
are based on the interaction parameters in Mn-C, Fe-C, and Mn-Fe binary alloys.

3.3.1. Evaluation of Bpec and Bcpe in Mn-Fe-C Ternary System

In the previous sections, the thermodynamic properties of Mn-C and Mn-Fe in Mn-
Fe-C liquid alloys were assessed using MIVM. The Fe-C system was most extensively
examined because Fe metal serves as a reservoir for Mn formed via MnO reduction with
limited manganese vaporization losses [5]. The interaction parameters between elements
in Mn-based alloys are different from those in Fe-based alloys [1-3]. According to previous
experimental studies, a series of carbon-saturated compositions in Mn-Fe-C alloy systems
were chosen with Xg, and X¢ ranging from 0.0 to 0.7 and 0.3 to 0.2, respectively. Activity
coefficients of C for all chosen compositions were calculated using Equation (9). The
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validity of these parameters was assessed by calculating the carbon activity in Mn-Fe-C
alloys at different iron concentrations. The interaction parameters of Bpec and Bcpe and
the behaviors of carbon in the iron-based binary system were not assessed using MIVM.
Figure 5 shows the activity of C in the Mn-Fe-C ternary alloys as obtained by different
authors. The interaction parameters Br.c and Bcp. obtained through calculation are listed
in Table 3. The solubility of C in the Mn-Fe-C melt decreased as the Fe content increased.
The activity coefficients of C were determined at various compositions and temperatures
up to saturation (ac ~ 1) as a function of the experimentally determined C solubility [5,31].

04 3

Experimental data

o 1773K © 1763K o 1773K 1763K

v 1673K (& 1563K A 1563K 1673k MIVM
+

03k \ Lietal. X Youngetal.
o 'a@-g-o.s

Chen et al Huang et al

~.—

-9
~*-.0 ,0
02F A~ cco
+ 3 Ak
Y e = Sl
o1l BFax +Vo? o+
:}g xx X ><>§<>){< X ><><>z(
i X X
B XX & % ¥ % »
0.0 1 " 1 " 1 " 1 " 1 " 1 " l>I< *:\* 1 O
0.0 0.1 0.2 03 X 04 0.5 0.6 0.7
Fe

Figure 5. Calculated activity of C in liquid Fe-Mn-C alloys in equilibrium with graphite at various
temperatures; experimental data were sourced from [7,8].

Young et al. [12] utilized the lattice site ratio model developed by Chipman [32,33] to
describe the activity of C in Mn-Fe-C ternary alloys, showing a negative deviation from
ideal behavior at 1563 K to 1773 K. Furthermore, they also described the solution properties
of Mn-Fe-C systems using UIPM, obtaining activity values for C of ~20 at different iron
concentrations. Ni et al. [9] calculated the activity interaction coefficients of C in Mn-Fe-C
melt using the same activity method and Wagner’s formula, showing a negative deviation
between ideal behavior and the calculated value. Li et al. [10] calculated the activity of
C in Mn-Fe-C systems using UIPFE, showing both positive and negative deviations as a
function of the widely varying interaction parameters between Mn-based and Fe-based
systems. The interaction parameters for Fe-based alloys were calculated by Young et al. [12],
Chen et al. [13,14], and Li et al. [10] as a function of the parameters between Mn and C
using UIPM. The relationship between ac and the content of C and Fe was established at
each temperature using Equation (9), and is the results are shown in Figure 5. The values
calculated for Brec and Bcpe at specific temperatures are presented in Table 6.

Table 6. Interaction parameters of Bcpe and Brec in liquid Mn-Fe-C ternary alloys.

T/K 1563 K 1673 K 1723 K 1763 K 1773 K
BreC 22.38 22.84 21.60 20.17 24.94
Bcre 1.36 1.86 1.85 341 1.38

3.3.2. Activity Coefficient of Mn, Fe, and C in Liquid Fe-Mn-C

The previous section revealed that the interaction parameters of carbon in liquid
manganese can be used to describe the thermodynamic properties of ferromanganese
alloys. In particular, they allow accurately assessing both Mn activity and C activity in
Mn-C alloys. The present study used by the molecular interaction volume model (MIVM) to
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predict the thermodynamic properties of Mn-Fe-C ternary alloy through a comparison with
experimental data. The activity of C in the Mn-Fe-C melt was calculated experimentally
using Equation (9), as presented in Figure 5. The activity of carbon in the liquid Mn-
Fe-C system was determined by Li et al. [10], Young et al. [12], Chen et al. [13,14], and
Huang et al. [29] The solubility of carbon increased progressively as Fe was gradually
replaced by Mn in Mn-Fe-C liquid alloys. Obviously, all measured carbon activity data fell
in the range predicted by different models across the studies composition range in Mn-Fe-C
alloys, Xypn = 0.1 to 0.7. Accordingly, the activity of carbon was determined at C saturation
(In (ac) = 0) at various compositions and temperatures, while the activity values of carbon
were determined using UIPM and MIVM when Fe was replaced completely by Mn. The
activity of carbon produced using the lattice site ratio model by Young et al. was usually
low at 1673 K to 1773 K. Ni et al. calculated the activity of carbon in Mn-Fe-C melt using the
same activity method and Wagner’s formula, showing a negative deviation at C saturation
(ac = 1). Chen et al. calculated the relationship between other thermodynamic properties
and temperature using the Gibbs-Duhem relationship, showing that the solubility of carbon
increased progressively as Fe was replaced by Mn in Mn-Fe-C liquid alloys. However, the
activity of carbon in the temperature range of 1573 K to 1773 K calculated in previous work
showed slight deviation from the experimental results. As seen in Figure 6A,B, the activity
of C in Mn-C and Mn-Fe-C alloys was well represented when the results were calculated
using interaction parameters obtained from MIVM. When using this model, the interaction
between C and its first nearest neighbors, Mn and Fe, can be taken into account.
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Figure 6. Mn (A), Fe (B), and C (C) activity calculated at different proportions of Xpyin/(Xmn + Xre) in
Mn-Fe-C liquid alloys in equilibrium with graphite at various temperatures; experimental data were
sourced from [7,8,27-31,34].

An assessment of the refining process of high-carbon ferromanganese alloy requires
information on the activity of Mn and Fe. The activity of Mn and Fe in Mn-Fe-C liquid
alloys was assessed by MIVM using Equation (9) and compared with the experimentally
activity of Mn and Fe in Figure 6B,C determined in previous work. As indicated by other
models, iron had little effect on the thermodynamic properties of manganese and carbon
in Mn-Fe-C alloys. However, the calculated results of MIVM showed that the activity of
Mn increased as Fe was replaced by Mn in Mn-Fe-C liquid alloys, indicating that iron had
a great influence on the activity of Mn and little effect on the activity of carbon. Upon
decreasing Xpe in Mn-Fe-C liquid alloys, the activity of Mn increased, confirming a strong
interaction between iron and manganese. This was also verified in [20]. Figure 6C shows
the activity of Fe in Min-Fe-C alloys. Unfortunately, few studies have described the solution
properties of iron in the Mn-Fe-C systems. Young et al. [12] utilized the lattice site ratio
model developed by Chipman [33] to describe the activity of Fe in Mn-Fe-C ternary alloys,
showing that the solution behavior of Fe was not identical to that of Mn.

Figure 7 shows that the environment of each atom in Mn-Fe-C liquid alloys can be
determined from MIVM modeling of the ternary alloys, where it can be seen that the
environment of carbon is quite different from that of Mn and Fe. If the observed trend is
representative of the thermodynamic properties of each component in the Mn-Fe-C ternary
alloy in Figure 6, the calculated results of the activity of Mn and C in the binary systems
Mn-C and Fe-C would be quite different using MIVM. When both elements are present
in the ternary alloy, the interaction between Mn and Fe probably affects the strength of
the interaction between carbon and its neighbors, Mn and Fe, thereby forcing the Bymc
and Brec to change under different compositions. This suggests that Mn-Mn and Mn-C
interactions become more favorable than Fe-C interactions at high Mn content in Mn-Fe-C
ternary alloy. In contrast, Fe-Mn and Fe-C dominate at high Fe content in Fe-Mn-C ternary
alloy. This can explain why the activity of Mn increased as Fe was replaced by Mn in
Mn-Fe-C liquid alloys, confirming that Fe has a great influence on the activity of Mn and
little effect on the activity of carbon [5]. MIVM is able to effectively calculate the activity of
individual components in the whole system, which is a feature absent from other models.
A significant advantage of MIVM is its ability to explain the experimental phenomenon in
Mn-Fe-C ternary systems, whereby the predicted values are in good agreement with the
experimental data, showing that the model is reliable, convenient, and economic.
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Figure 7. Environment of each atom in Mn-Fe-C liquid alloys determined from MIVM modeling of
the ternary alloys.

4. Conclusions

The MIVM parameters for Mn-based alloys were assessed using carbon solubility and
activity data for binary and ternary manganese alloys. These parameters were successfully
applied to predict the activity of each element in Mn-based alloys, namely, Mn-C, Mn-Fe,
and Mn-Fe-C systems. The present assessment by MIVM agreed reasonably with most
experimental data and other assessments. The temperature dependence of the interaction
coefficients in MIVM was verified in the case of Mn-C and Mn-Fe-C alloys across the
studied temperature range.

MIVM takes into account the strong interaction between the metals (Fe, Mn) and
nonmetal (C) in Mn-Fe-C alloys, compared with previous thermodynamic modeling, con-
firming a strong interaction between Fe and Mn. The results calculated by MIVM showed
that the activity of Mn increased as Fe was replaced by Mn in Mn-Fe-C liquid alloys,
indicating that iron has a great influence on the activity of Mn and little effect on the
activity of carbon. The interaction between Mn and Fe is not completely negligible. MIVM
can be used to replace other theoretical models due to its clearer physical meaning and
more credible extrapolation. A significant advantage of MIVM is its ability to explain the
experimental phenomenon in Mn-Fe-C ternary systems, whereby the predicted values
are in good agreement with the experimental data, showing that the model is reliable,
convenient, and economic.
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