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Abstract: A thermodynamic model was proposed to calculate the activity of components in low-
reactive CaO-BaO-Al,03-5i0,-CaF;-Li; O mold flux, which was chosen to improve the castability of
high Al steel, based on the ion and molecular coexistence theory. The model was indirectly validated,
and the effects of the mass ratio of Al;O3/SiO,, contents of CaF; and Li;O on the reactivity of
components were discussed. The results reveal that the reactivity of mold flux attenuated with the
increase in the mass ratio of Al,O3/SiO,. The decrease in reactivity was insignificant as the mass
ratio was over 3.5. The steel-slag reaction experiment confirmed that the reactivity of mold flux
is weakened when the content of SiO; below 8 wt%. The reactivity of mold flux increased nearly
linearly with the increase in CaF, content, indicating that the proportion of CaF, should be kept to a
minimum in the flux. In addition, the compositional regions involving around 6 wt% Li,O should be
avoided to develop low-reactive mold flux.

Keywords: thermodynamic model; activity; low reactivity; mold flux; reactivity

1. Introduction

Advanced high-strength steels with high content of aluminum have attracted much
attention in the automobile industry owing to low density, high ductility, and strength for
the sake of passenger safety and environmental friendliness [1-3]. However, aluminum
in molten steel ([Al]) is prone to react with silicon dioxide in traditional CaO-5iO,-based
mold flux ((S§iOy)), resulting in sharply varied content of SiO; and Al,Os. The composi-
tional variation of the mold flux leads to an increase in melting temperature and viscosity,
consequently deteriorating its performances, such as heat transfer and lubrication [4-7].
Therefore, it is essential to develop a specified mold flux having low reactivity with high-
Mn, high-Al molten steel [8,9]. Taking the reaction between [Al] and (SiO;) for example:

4[Al] + 3(SiO2) — 2(A1,03) + 3[Si] (1)
B0 %1

AG = AG® + RTIn 522> ?)
a(SiOZ) [Al]

where AG, AGY, R, T, a; are the reaction Gibbs free energy change, standard reaction Gibbs
free energy change, gas constant (8.314 J/(mol-K)), temperature, and activity of component
i, respectively. Thus, for a certain steel, the activities of various components in mold flux are
crucial parameters to determine the extent of reaction at the steel-slag interface. Currently,
the application of thermodynamic software is a preferred approach to predict the activities
of components in mold flux. However, the thermodynamic software has limited scope
because of the lack of some databases. In order to make up for the shortcomings of the
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thermodynamic software, the ion and molecular coexistence theory (IMCT) was proposed
by Chuiko. N.M. in 1960s [10], which could predict the activity of each component of
multi-component flux system. When using IMCT, the activity of each component in the
flux can be expressed by the mass action concentration [10]. The accuracy to predict
activities of components has been confirmed for flux melts, such as FeO-Fe;O3-5i0; [10],
CaO—SiOz—A1203—MgO [10], NazO—SiOZ [10], NiO-MgO [1 1], CaO—A1203—Ce203 [12], and
Ca0-5i0;-Al,03-FeO-CaF;-LayO3-Nby,O5-TiO; [13]. Our previous studies [14] indicated
that the flux system of CaO-BaO-Al;03-5i0,-CaF;-Li;O as a low-reactive flux system
is expected to be applied for continuous casting of high-Mn high-Al steel. To deeply
understand during the contact of steel and flux, the obtainment of activity data in flux melts
is urgent. In this study, a thermodynamic model is established to calculate the activity of
the components in CaO-BaO-Al,03-5i0,-CaF;-Li,O mold flux based on IMCT (Ion and
molecular coexistence theory) at 1773 K. In addition, the steel-slag contact experiment was
conducted to verify the accuracy of the prediction. The effects of mass ratio of Al,O3/5iO;
and content of CaF; and Li,O were discussed.

2. Methodology
2.1. Structural Units and Mass Action Concentration

IMCT assumed that structural units of molten flux consisted of simple ions, sim-
ple and complex molecules. The simple ions participate in the formation of complex
molecules in the form of ion couples, and each pair of cation and anion occupies one
structural unit. For CaO-BaO-Al,03-5i0,-CaF;-Li O system, Ca2*, Ba?*, Lit, F~, and O%~
as simple ions, and S5iO, and Al,O3 as simple molecules existed. On the basis of ternary
phase diagrams of CaO-5iO,-Al, 03, BaO-5i0,-Al;03, CaO-Al,O3-CaF,, CaO-5i0,-CaF,,
and AlyO3-5i0,-Li;O, and binary phase diagrams of CaO-5i0;, CaO-Al,O3, BaO-5i05,
BaO-Al,O3, LipO-5i0,, and LipO-Al,O3 [15-17], there are 33 major species of complex
molecules that form within the temperature range of 1673-1823 K. The structural units and
corresponding mole numbers are listed in Table 1. According to IMCT, free Me*/Me?* and
F~ /0%~ remain independent, whereas ion couples (Me?* + O?~) occupy two structural
units and (2Me* + O%7) or (Me%* + 2F ) occupy three structural units (where Me?* refers
to Ca%* or Ba?* and Me* refers to Li*). For the flux with six kinds of components, the ion
couples include (Ca?* + O?7), (Ba?* + O?7), (2Li* + O?>~), and (Ca®* + 2F"). Thus, the total
mole number of structural units can be expressed as follows:

Y i = 2nca0+21Ba0 + MALO, T 11810, + 3MCaF, + 31Li,0 + 17 + ... + 139 3)

where 7; is the mole number of structural units for product i.

Table 1. Mole number and mass action concentration of the structural units.

Items Structural Units Mole Number Mass Action Concentration
(CaZt + O%) 1y = 21ca0 Ny =ny/yn;
Ion couples (Ba** + O%7) 12 = 21Ba0 Ny =np/ ¥
(CaZ* +2F) 15 = 3ncaF, N5 =ns/1n;
(2Li* + 0?7) 16 = 3nL4,0 Ng = ng/ Y n;
. A1203 ns N3 = HS/Zni
Simple molecules SO, ” Ny = ng /Y1,
Ca0-SiO, ny N7 =n7/¥n;
2Ca0-Si0, ng Ng =ng/¥yn;
3Ca0-Si0, g Ng =ng/Y n;
3Ca0-2Si0, f1g Ny = 1o/ Xni
Complex molecules Ca0-AlLO; n Ny =n1/Ln;
Ca0-2A1,03 n1p Nig =n1p/Yn;
Ca0-6A1,0;3 ni3 Niz = mz/Yn;

3Ca0-Al,O3 14 Nig = ny /Y n;
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Table 1. Cont.
Items Structural Units Mole Number Mass Action Concentration
12Ca0-7A1,0; ns Nis = n15/ L n;
BaO-5iO, 16 Nig = n16/ Y1
Ba0O-2Si0, n1y Ni7 = ny7/ ¥ n;
2Ba0-SiO, 18 Nig = nig/ Y n;
2Ba0-35i0, 19 Nig = n19/ Y1
BaO-Al,O5 120 Nopg = 19/ Y 1;
BaO-6A1,0; 121 N1 = no1 /Y
3Ba0-Al,O3 ) Ny =np/Yon;
3A1,03-25i0, 13 Naz = noz/ ). n;
Li,O-SiO, o Ny = np4 /Y 1;
Li,0-2Si0, 125 Nos = no5/Y 1,
2Li,0-Si0, N6 Npg = 126/ 115
Li;O-Al, O3 a7 N7 = ng7/ ¥ n;
Ba0-3Ca0-2Si0, 1128 Nog = nog/ Y n;
2Ba0-4Ca0-35i0, 129 Npg = n9/ Y 1;
BaO-2Ca0-4Al,05 130 N3g = n3p/ L n;
3Ba0-Ca0-Al,O5 n31 Na3p = n31/ Y n;
Ca0-Al,03-25i0, 3o N3p = ngp /Y n;
2Ca0-Al,05-5i0, 133 N33 = nz3/ Y n;
BaO-Al,05-25i0, N34 N3y = n3q /Y n;
3Ca0-2Si0,-CaF, 135 N3s = n35/)_n;
3Ca0-3A1,05-CaF, 136 N3¢ = n36/ Y1
11Ca0-7A1,03-CaF, n3y N3y = n37/Y n;
Li,O-Al,05-2510, Hag N3g = n3g /Y n;
L120A12034:SIOZ ns3g N39 - 7’139/2 n;

The mass action concentration of the 39 items in Table 1 are denoted as N1, N», N3,
., and N3g, respectively. N; is calculated using Equation (4):

"
N; =
T

As complex molecules are derived from simple ion couples and molecules by chemical
reactions, the mass action concentration of the complex molecules can be expressed by their
corresponding reaction equilibrium constant (K;) and the values of N1, N», N3, N4, N5, and
Nj. K; can be obtained by:

4)

AGY

L) (5)

K; = exp(— RT

2.2. Calculation of Standard Gibbs Free Energy for Complex Molecules
To calculate the standard Gibbs free energy change (AG%) for the formation of complex
molecule by ion couples and simple molecules, the reactants and products are considered
to be in dissolution state. For example, the formation of mMeO-nSiO, proceeds by the
following way:
m(Me*" 4+ 0%7) 4 n(Si0p) — (mMeO-nSiO;)  AG) (6)

solution

0
solution

in dissolution state. However, obtaining AGgoluti on data under such condition is often

difficult. In contrast, if the reaction occurs in solid state, as shown in Equation (7), the

standard Gibbs free energy change, AGSOli 4+ 18 easier to acquire.

where m and 7 are positive integers and AG is the standard Gibbs free energy change

m(Me*t + 02*)(5) +n(Si0y)(5) — (mMMeO-nSiO,) 4 AGlyid )
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It is well known that the dissolution of a certain component into flux melts can be
divided into two steps. The first step involves melting the component from solid to lig-
uid state, AquGig . The second step involves further dissolution into flux melts, Asole.
The changes of the standard Gibbs free energy for the above steps are equal, that is
Agus Gf = —Agl Gf [18,19]. Therefore, the following relation can be obtained:

AGg = AGliq + DrusGl + sl G = AGLyq ®)

solution

Generally, AGY could be expressed a function of temperature [20] by:

AGY = AHSog — TADT )

0 0 0
A1_1298K = Z (niAHi'Z%K)Product_Z (nj AI_I]‘r298K)reactant (10)
Adr = Z (niq)i,T)product_Z (n]'Qj/T)reactant (1)

where, 1; is the stoichiometric number of reactant j; AH§98K is the standard enthalpy change
of reaction at 298 K; A®r is the standard Gibbs function change of reaction at T; AGGT in the
form of AGY. = A + BT for these reactions are listed in Table 2.

Table 2. Reaction formulas for the formation of complex molecules.

Reaction AG? K; N; Ref.
(Si((%;i (Jrcgégi?)z) 92,500 + 1.25T Kr = Ny = KzNy N [10]
(Si(za(zc)f(;cgé_.s)@) —102,090 — 24.267T Ks = oy, Ng = KsNi2Ny 21]
(5130(5f(3+c%7-s)162) 118,826 — 6.694T Ko = No = KoN:®N; 1]

2(Sig§2(;a—2>+(3+CgC2)_~2)S§OZ) 236,814 + 9.623T Kio = 40 Nio = KioNi* N2 1]
(Alzé)ca"}ifcggifzoa) 59,413 — 59.413T Ky = NTK,a Ni1 = K11N1N3 [21]
x Alzg;;z; (J“ng% 2,00 16,736 — 25.522T Kiz = 2% Ni = Ky NyNa2 1]
6 Ah&?i(}gg%&zoﬁ 22,594 — 31.798T Kio = 2 Nis = Kis Ny Ny 1]
( A123O(3C)a_2;(3+cgg}\f;03) 21,757 — 29.288T K = 2 Nis = KuNi*Ns 1]
7(A12(1)23()Cji; . gg;&z Ou) 617,977 — 612119 T Kis = Nis = KNy 2Ny 1]
(Ba%* + O?7) + (Si0,)—(Ba0-Si0Oy) —154,238 — 2.926T Kig = thf& Nig = K1sNaNy [22]
2(58221)2;632(2)?2)5?02) —169,365 + 1.496T Kir = 2% Niy = KiyNaNg2 [22]
(Si?)(Bf(ZJrBS(Z)T%iBZ) 264,183 — 3.395T Kis = 8 Nis = KisNo2N, [29]
B(Sizo(ga_z:( ;nggsioz) —337,580 + 7.039T Ky = %&3 Nig = K19N22N,3 [22]

( Alzéi?i&?@\ﬁ %) 99,760 — 25.413T Koo = 22 Nay = KaoNaNs [22]
o Alzga)z;&ggg 2,00 126,813 — 24.293T K = 225 Noy = Kay Ny N3 [22]
(AIZ%(SiJr(;B(a)(z)TAEOQ —187,633 — 37.528T Ky = NIZ\QZIZ\,S Ny = KnN>*N3 [23]
2(S105) S (BALOR-25i03) —4354 — 104677 Koy = 38 Nas = KosNs?Ny? [22]
<s1%i&8§)s302) 143,757 + 3.796T Kot = 23 Nos — KpyNeNi [22]
2(51(%1(188)2502) 145,174 — 1.372T Kas = 25 Nos = KosNgNs2 [29]
(Si(%(zz)ljzigg )ssz) 230,237 + 15.442T Kas = 225 Npg = KosNe2N, 2]
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Table 2. Cont.
Reaction AG? K; N; Ref.
(Al (%i &ngﬁz o) ~106,327 — 16.567T Kr = 1%, Nay = Koy NgN3 [22]
(Bza(; 629:(1)3 : 03(3%1:(32 ggz)) + ~376,298 + 8.751T Kos = ﬁ Nag = KagNaN;3N,2 [22]
2%‘%;?6;)82(;])3;04.%:63&&& 533,550 + 269.292T Koo = ot Nao = Koo N>2 N1 4N, [22]
f/_ﬁ;&g% ;02_(2%‘:61212285 —157,255 — 85.113T Kso = pitis Nao = K3oNy N 2N34 [22]
on b o no)™ 19805 — 4200 Kan = i Nsi = Kot N NiNg 122}
e L
(521(8?)2;?2(8;0);1(?61;%?)0:) —116,315 — 38.911T Ksg = 2 Nas = Kz3Ny2Ns N, [23,24]
5 (SfS; * 8‘;8_ 21(2{*02238)152) —198,791 — 38.497T Ko = i Nag = KasNaN3N,2 [22]
CCIINOICT i kg weewn o
ACTRITNGE  me s kg weoxown
2(5%5 I gf;&zgf&%s)iaz) —136,270 — 37.516T Kss = i Nag = KagNgN3N,2 [19]
R L

2.3. Mass Action Concentration for Structural Units and Ion Couples

The initial mole contents of CaO, BaO, Al,O3, SiO,, CaF,, and Li,O are denoted as a1,
ay, a3, a4, a5, and ag, respectively. Based on the principle of mass conservation:

a;y = (0.5N; + N7 + 2Ng + 3Ny + 3Njg + Nyj3 + Nip + Nig + 3Nig + 12Nj5 + 3Nag

12

+ 4Ny + 2N3p + N3; + Nz + 2N33 + 3N3s + 3Nz + 11N37)Lm; (12)

ay = (05N> + Nig + Ni7 + 2Nig + 2Nig + Nag + Noy + 3Na» + Nog+2Nx9 + Nazp (13)

+ 3N31 + N34)21’l,‘
a3 = (N3 4+ Ny + 2Npip + 6Ni3 + Nig + 7Nj5 + Ny + 6Ny + Nop + 3Naz + N7 (14)
+ 4N3g + N3; + N3» + Nizz + N3y + 3N3¢ + 7N3y + Nig + N39)Zni

a3 = (Ng + N7 + Ng + No + 2Nyg + Nig + 2Ny7 + Nig + 3Nig + 2Np3 + Noy + 2Nos (15)
4+ Nyg + 2Nz + 3Np9 + 2N3» + N3z + 2N3g + 2N35 + 2N3g + 4N39)2n1-

a5 = (1/3Ns + N35 + Nzg + N37)Zni (16)

a6 = (1/3Ng + Nog + Nas + 2Nps + Noy + N3g + Nazo)) m; (17)

To solve Equations (12)—(17), Matlab software was subsequently used for further
calculations, and the unique solutions of N1, Ny, N3, N4, N5, and Ng were obtained. Thus,
the activity calculation model for CaO-BaO-Al,03-5i0,-CaF,-Li,O mold flux system could
be developed.

2.4. Steel-Slag Contact Experiment

The schematic of the apparatus to conduct steel-slag contact experiment is shown
in Figure 1. The compositions of mold flux and steel are listed in Table 3. Total content
of Al,O3 and SiO; in the flux is designed to be constant as 27 wt%. The content of Al in
steel is 1.49 wt%, which belongs to grades of high-Mn, high-Al steels. Before the contact
experiment, 80 g of each mold flux was prepared using chemically pure reagents, and
pre-melted in a silica-molybdenum furnace at 1573 K for compositional homogeneity. After
cooling, the mold flux was ground into fine powder. For each run, approximately 320 g
of steel sample was placed in a MgO crucible and heated. Then, the molten steel was
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maintained isothermally at 1773 K for 20 min. Subsequently, 80 g of pre-melted flux was
dispensed onto the top surface of the molten steel, at which moment was recorded as the
start time of steel-slag reaction. To avoid the effect of oxygen, the contact experiments
were conducted under Ar atmosphere at a flow rate of 1 L/min. After the reaction time
reached 12 min, the MgO crucible with molten steel and flux was taken out and cooled
at room temperature. The compositions of mold flux before and after contact experiment
were analyzed by the methods of ICP-OES (ICAP 6300 Duo made by Thermo Scientific
IRIS Intrepid II, MA, USA) and XRF (ARL Perform X made by Thermo Fisher).

Cooling water outlet +—

}1-45-> . o
MoSi; heating elements — Graphite crucible

— Molten slag

Alumina tube — MgO crucible

— Molten steel

I
I

ks

Alumina sample

Thermocouple «
Alumina base

A inl Cooling water inlet
r gas inlet +————

Figure 1. Schematic of apparatus for the steel-slag reaction.

Table 3. Initial composition of mold fluxes and steel for the contact experiment (wt%).

CaO BaO Al,O5 SiO, F Li,O

S-1 36.5 24 21 6 8 45

- S-2 36.5 24 19 8 8 45
uxes S-3 36.5 24 17 10 8 45
S-4 36.5 24 15 12 8 45
Stecl C Al Mn Si S Fe

tee 0.17 1.49 22.7 0.22 0.02 Bal.

3. Model Validation

To validate the accuracy of established model to predict the activity of various compo-
nents in flux melts, the comparisons between the prediction by the current study and the
calculation by Factsage and the literature [17,25-28] were made on the activity of the reactive
component, SiO;. The flux melts were CaO-Al,O3-5i0,-CaF,, CaO-BaO-Al,03-5i0,, and
Li;O-5i0O,, respectively. It should be noted that the accuracy of the current model was
indirectly validated, and all components in Table 3 were taken into consideration. At
present, Factsage is a popular thermodynamic software to calculate the activity for simple
flux systems with 2—4 components. However, as the data of BaO and CaF; belong to
two separate databases, the activities of the components in the CaO-Al,O3-5i0,-CaF, and
CaO -Al,O3-5i0;-BaO systems were validated, respectively. Rey [27] and Charles [28]
have obtained the activity data of S5iO; in LiO-5iO; binary system with the SRS model
(sub-regular solution model).

CaO—A1203—SiOz—BaO and CﬂO—Aleg—SiOZ—CﬂFZ
Table 4 summarizes the compositions of the CaO-Al,03-5i0,-BaO and the
Ca0-Al,03-5i0,-CaF, quaternary flux systems and the corresponding activity of SiO,.

The deviation (AX) for the difference between IMCT model and Factsage was calculated
by Equation (18), 0.5% to 24.2% for CaO-Al,03-5i0,-BaO melt, and 0.2% to 11.0% for
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Ca0-Al03-5i0,-CaF; melt. The close agreement indicates that the IMCT model is reliable
for quaternary flux system.

kicar — ki fit

AX = x 100% (18)

ki it

where N represents the number of the samples; k; ., is the value calculated from Factsage;
ki it is the fitted value derived from the relationship between calculated values of Factsage
and IMCT model.

Table 4. Composition of the CaO-Al,03-5i0,-BaO/CaF, quaternary flux system (wt%) and activity
of SIOZ

CaO BaO A1203 Si02 Can ki,cul ki,ﬁ't AX

20 30 10 40 0 —0.670 —0.884 0.242

20 40 10 30 0 1241 ~1.549 0.199

20 50 10 20 0 —2378 —2.234 0.064

30 30 10 30 0 ~1.494 —1.711 0.127

CaO-Al03-8i0,-BaO 40 20 10 30 0 ~1.763 ~1.943 0.093
50 10 10 30 0 ~2.093 2411 0.132

50 20 20 10 0 4632 —4653 0.005

40 20 30 10 0 ~3.983 —4.049 0.016

30 20 40 10 0 —2.851 ~3.383 0.157

36 0 16 40 8 ~0.969 ~1.006 0.037

40 0 16 36 8 ~1.297 ~1.294 0.002

40 0 2 30 8 ~1.734 ~1.623 0.068

40 0 34 18 8 ~2552 2627 0.029

. 40 0 40 12 8 2879 ~3236 0.110
Ca0-AL03-5i0,-CaF, 36 0 8 40 16 —0.876 —0.846 0.035
40 0 8 36 16 ~1.188 “1111 0.069

40 0 14 30 16 ~1.729 ~1.529 0.131

40 0 26 18 16 2731 ~2.795 0.023

40 0 32 12 16 ~3.106 ~3302 0.059

Due to the lack of measured activities for Li;O-5iO, binary system, the calculated
activity of (5iO,) by the IMCT model was compared with those estimated by SRS model [27,28],
as shown in Figure 2. When the Li,O content was below 20 wt%, the values of SiO, activity
predicted by SRS model were slightly higher than those predicted by the current study.
When the Li;O content was higher than 25%, the values of SiO, activity predicted by
the IMCT model agreed more closely with those predicted by Ref. [27]. The comparison
in Figure 2 indicated that the IMCT model has acceptable credibility to predict the SiO,
activity in melts containing Li,O.

3.0

-Log, (a,)

L L
0 5 10: 15::-20.::25::30- 35 40 - 45 50
Li,O content (wt%)

Figure 2. Activities of SiO, estimated by the IMCT model and sub-regular solution model for
LipO-5iO; binary system.
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In summary, the reliability of the established thermodynamic model based on IMCT
was indirectly confirmed by separately validating three flux systems that contained all six
interested components in Table 3.

4. Contact Experiment of Steel-Slag Reaction

The compositions of mold fluxes before and after the contact experiment are listed in
Table 5. It is clearly shown that as the initial content of SiO, increased from 6.07% to 12.18%,
the reduced content of SiO; after the contact experiment also increased from 1.02% to 3.60%.
Because high content of SiO, favors the reaction between [Al] and (5iO;) at the steel-slag
interface, the oxidized Al,Oj dissolves into flux and the reduced Si enters into the steel
pool. As the duration time of 12 min was short, the content of typical volatile components
(LiO and F™) attenuated slightly (less than 1%). The detection of MgO was caused by the
erosion of MgO crucible at a high temperature. Figure 3 shows the variation of SiO; and
Al O3 in the mold flux before and after contact experiments. When the content of SiO; in
mold flux was no more than 8%, the increment of Al,O3 (AAl,O3) was approximately 7.1%,
and the decrement of SiO, (ASiO;) was approximately 16.8%. As soon as the content of
SiO; rose to 10% and even higher, AAI,O3 changed obviously from 18.4% to more than
34.2%, and ASiO, reached 30%. The variation of AAl,O3 and ASiO; indicated clearly that
critical content of components may play a part in determining the extent of steel-slag
reaction. Some references reported that the steel-slag reaction did not occur once the
content of (5i0,) was less than 7 wt% [4] or in the range of 5-10 wt% [9] for conventional
Ca0O-Al,O3-based flux.

Table 5. Composition of mold flux before and after steel-slag reaction (wt%).

Mold Flux  Before/After CaO BaO * Al,O3 SiO, F Li,O MgO
51 Initial 36.70 24.00 20.82 6.07 8.00 4.08 0.00

B Final 35.20 23.00 22.31 5.05 7.60 3.78 2.55

50 Initial 36.41 24.00 19.12 8.21 6.90 4.12 0.00

B Final 35.80 23.00 21.01 6.90 6.80 3.81 2.46

s3 Initial 36.23 24.00 17.09 10.11 7.20 4.05 0.00

B Final 35.10 23.00 20.24 7.09 7.00 3.35 2.32

54 Initial 36.15 24.00 15.24 12.18 7.00 4.07 0.00

i Final 33.71 23.00 20.45 8.58 6.80 3.74 2.89

* The BaO content is the analytical reference value.
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Mold flux

Figure 3. Variations of Al;O3 and SiO, before and after steel-slag reaction.
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5. Effect of Different Factors

Equation (1) can be expressed in the form of Equation (19):

3

a. .
AG = AG® + RTIn 2 + AGY, (19)
1
aZ
AGY,pe = RTIn 220 (20)
A(5i0,)

where AGY,, ., denotes the Gibbs free energy change involving the activities of (SiO) and

(Al,O3) in mold flux, and is a parameter characterizing the reactivity of mold flux.

5.1. Mass Ratio of Al;O03/5i0O,

When the CaO-5i0;-based flux is applied to cast high-Mn, high-Al steel, the content
of (5i0O;) decreases and that of (Al,O3) increases continuously during casting, resulting
in changes in the composition of flux and the deterioration of physical properties of flux.
Change in the flux composition is mainly related to the substitution of SiO, with Al,Os3, that
is, the change of Al,O3/SiO; ratio. In the present study, a promising flux for casting high-
Mn, high-Al steel was selected as the original flux [29] and SiO; was gradually replaced
with Al,O3 (the Al,O3/5i0; ratio ranges from 0.29 to 8.00) to investigate variations in the
activities of (5i0,) and (Al;O3) and the reactivity of mold flux. The contents of the other
components in the original flux are listed in Table 6. Figure 4 shows that with the increase
in mass ratio of Al,O3/5iO; from 0.29 to 8.0, the activity of (SiO,) first decreased rapidly,
and then decreased slowly when the mass ratio of the Al,O3/SiO, was beyond 3.5, and
the activity of (Al,Os3) changed slightly. Meanwhile, the decrease in the reactivity of flux
was similar to that trend of (5iO,). Figure 4 also demonstrates that increasing the mass
ratio of Al,O3/5i0; could effectively weaken the reactivity of flux contacting steel with
high content of [Al]. Although with further increase above 3.5, the effect on weakening
the reactivity of mold flux was extremely limited, indicating that the reactivity of flux
approached to the minimum. Therefore, for this six-component flux system, the mass ratio
of Al,03/5i0; of 3.5 can be regarded as the critical value, below which the reactivity of
mold flux is prominent and the reaction between [Al] and (SiO,) at the steel-slag interface
occurs easily.

0.0 T 0.0
| ALO+Si0, =36 WL.% l:
- : —=—AlO,
1.0k 0\ i —=—S$i0, 1-0-2 e
-—Q : ]
H —— AG =
\° : mo 1o4F
2.0 F \ =
= 9. “
= ~% N : {062
H ==]_M ; x
E" 30F Yo B—m N 5 - - ¥
\PJ\ :\ —4-0.8 %‘
\ ]
- | =—ALO/SI0, = 3.5
4.0 = 0, 1.
.\
i (]
5.0 1 1 1 [ B SR | 1 1 1 Il -1.2
0 1 2 3 4 5 6 7 8

mass ratio of A1,O/SiO,

Figure 4. Effect of mass ratio of Al,03/SiO; on the activities of Al,O3 and SiO, and the reactivity of
mold flux.
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Table 6. Composition of various flux systems for investigating the effect of components on the
activities of Al,O3 and SiO; (wt%).

Variable CaO BaO Al,O3 SiO, CaF, Li,O Sum Interval
ALOs, 20 20 8-32 28-4 16 8 100 4
SIOZ
CaF, CaO:BaO = 1:1 24 12 4-28 8 100 4
Li,O CaO:BaO = 1:1 24 12 16 2-14 100 2

Figure 5 shows the mole fraction of complex molecules that rank the top three in
amount as a function of the mass ratio of Al,O3/5i0,. The top three were all silicates, when
the content of Al,O3 was low and the ratio was 0.29. As the mass ratio of Al,O3/SiO,
increased from 0.29 to 8.0, the total mole fraction of silicates decreased sharply, and alumi-
nates (LiO-Al;O3, and 3BaO-Al,O3) became the main units whose mole fraction reached
17.8%. The increase in the proportion of aluminate-type complex molecules also attributed
to the relative stable activity of (Al,O3) with the increase in the mass ratio of Al;O3/5i0,
in Figure 4. The variation of silicates and aluminates demonstrates that the flux system
gradually transformed from CaO-5iO;-based to CaO-Al,O3-based mold flux.

40

sk ALO, + 510, = 36 wt% |

W
=]
T

(Ca0'5i0,)

ra
th
T

(1i,0°A1L,0,)

(=]
=]
T

Mole fraction (%)
o
:

(o0,

(Li0-si0)

0.29 0.80 2.00
mass ratio of ALO,/SiO,

Figure 5. Mole fraction of the top three complex molecules as a function of mass ratio of Al;O3/SiO,.

5.2. Content of CaF,

CaF; is a common fluxing agent that can greatly reduce the viscosity of flux. More-
over, it can form cuspidine (3Ca0-2Si0;-CaF,) combining with CaO and SiO, and favor
decreasing the horizontal heat transfer between the solidify strand and mold. The content
of F~ in commercial flux typically ranges from 2 to 14 wt% [30], corresponding to a CaF,
content range of 4-28 wt%. Figure 6 shows the effect of CaF, content on the activities
of (5i0) and (Al,O3) and the reactivity of mold flux. The increased activities of (SiOy)
and (Al,O3) and the reactivity of flux indicated that the reaction between [Al] and (S5iO;)
was enhanced with the addition of CaF,. The decreased viscosity with CaF, addition is
expected to intensify the kinetic condition of the steel-slag reaction. Hence, there is a need
to keep the content of CaF; as low as possible, while ensuring appropriate lubrication and
heat transfer of mold flux. Figure 7 shows the top three complex molecules with different
contents of CaF;. For the current flux system with fixed contents of 24 wt% Al,O3 and
12 wt% SiOj, the main structure units were LiO-Al,O3 and 2Ca0O-SiO,, while both of their
contents attenuated gradually with increased content of CaF, from 4 wt% to 28 wt%. The
decreased content of silicates and aluminates was consistent with the predicted increased
activities of simple molecule (Al;O3 and Si0O,), indicating that the number of free SiO, and
Al,O3 was enhanced with increased addition of CaF,.
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Figure 6. Effect of CaF, content on the activities of AlO3 and SiO; and the reactivity of mold flux.
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=
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Figure 7. Mole fraction of the top three complex molecules as a function of CaF, content.

5.3. Content of Li;O

It is well known that the common fluxing agents, Na,O and ByO3, can react with
[Al], whereas Li,O does not participate in the steel-slag reaction, and is able to reduce the
melting temperature and viscosity of mold flux [31]. Thus, Li,O is a promising fluxing
agent for designing low-reactivity flux. Figure 8 shows the effect of Li;O content. The
activities of (5i0;) and (Al;O3) and the reactivity of mold flux decreased gradually, which
indicated that the reactivity between [Al] and (SiO;) was weakened. As the content of
LiO increased from 2 wt% to 14 wt%, the reactivity of flux increased first and then
decreased with a maximum at 6 wt%, indicating the compositional region around 6 wt%
Li;O should be avoided in the development of low-reactivity flux. Figure 9 lists the top
three complex molecules. The increased addition of LiO made the mole fraction of silicate
and aluminate containing Li;O be enlarged obviously, and the mole fraction of (2Ca0O-5i0O,)
and (BaO-Al,O3) decreased gradually.

0.0 -0.5
| Ba0:Ca0 = 1:1 (in mass) | —=—ALO,
1.0k E= e SI0.
=46, T
q4-00 3
- - e
e E
S oo : e =
Z - - =~ “
¥ 30 9 B o\ x
=i -—m g £
Ry - e\g 1-07 §
= e 1~
\E 3
4.0 T~—pm, °—
=
=
= , s s . . \ ) 08

2 4 6 8 10 12 14
Li,O content (wt%)

Figure 8. Effect of Li;O content on the activities of Al,O3 and SiO; and the reactivity of mold flux.
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References

Mole fraction (%)

Ca0:Ba0 = 1:1 (in mass) I

(Li,0-AL0) (Li,0-A1,0))

(Ba0-ALO))

(Ba0:AL0,)

2 6 10 14
LiZO content (Wt%)

Figure 9. Mole fraction of the top three complex molecules as a function of Li,O content.

6. Conclusions

A thermodynamic model to predict the activities of components in low-reactive

Ca0-Ba0O-Al,03-Si0,-CaF,-Li,O mold flux was established based on IMCT. The con-
clusions can be summarized as follows:

1.

The results calculated by IMCT model are good accordance to the experiment results
and Factsage calculation. The thermodynamic model based on IMCT could predict
the activity of each component in the low-reactive CaO-BaO-Al,03-5i0,-CaF,-Li,O
mold flux accurately and has good reliability.

With the increase in mass ratio of Al,O3/SiO;, the decreases in the activity of S5iO,
and the reactivity of mold flux had a turning point when the ratio of Al,O3 /510, was
3.5, where the content of SiO, was 8 wt%.

The activities of SiO, and Al,O3 and the reactivity of mold flux increased continuously
with an increase in the content of CaF;, which is unfavorable for developing low-
reactivity mold flux. However, to avoid compromising other physical properties, the
CaF; should be kept to a minimum.

The activities of SiO, and Al,O3 decreased with an increase in Li,O content, whereas
the reactivity of mold flux had a maximum with 6 wt% Li;O content, indicating that
the compositional regions involving around 6 wt% Li;O content should be avoided to
design the low-reactive flux system.
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