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Abstract: The oxidation of Al and Ti in the electroslag remelting process causes an uneven axial composition of the electroslag ingot,
which adversely affects its performance, including corrosion resistance and mechanical properties. To control the uniformity of Al and
Ti content in electroslag ingots, it is necessary to clarify the change in Al and Ti content during the high-temperature electroslag
remelting and to reduce the oxidation of Al and Ti in the alloy by optimizing the slag system ratio and smelting conditions. The
research status of Al and Ti element control in the electroslag remelting process was reviewed based on the existing literature, taking
the low-fluorine slag CaF,-CaO-Al,0,-MgO-TiO, and Incoloy 825 alloy as examples. The ion and molecular coexistence theory of
slag (IMCT) was used along with FactSage software to summarize the thermodynamic and kinetic research methods. The effects of
temperature and components of slag on the equilibrium Al and Ti contents in the alloy were discussed. Based on the film-penetration
theory, a kinetics model for predicting Al and Ti contents in the alloy was proposed, and the mathematical equation of the Al and Ti
contents vs time in the electroslag process and the slag-metal reaction rate-limiting method were obtained. Results show that the
optimum TiO, addition during the electroslag remelting for Incoloy 825 alloy is determined to be approximately 10%. The slag-metal
equilibrium experimental results were compared and analyzed using IMCT and FactSage. It is found that the FactSage calculation
results are more accurate than the IMCT calculation results. The higher the TiO, content, the smaller the deviation between the
calculated and experimental results.
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Alloys and steels refined by electroslag remelting are
commonly used in aerospace and petrochemical fields!"), so
there are strict requirements on all aspects of their perfor-
mance, and the alloying elements Al and Ti in the metal are
the key elements that determine their performance. For
example, the high-temperature nickel-based alloys are solid
Fe-Cr-Ni-based
alloys. The Al and Ti contents in the alloy determine the

solution-strengthened corrosion-resistant
strengthening phase y’-Ni,(Al, Ti), the precipitation tempe-
rature, and the amount of Ti(C, N), which in turn affect the
alloy’s structure, mechanics, corrosion resistance, and melting
point of the alloy™™. At present, the main production methods
for most high-temperature nickel-based alloys are vacuum
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melting and electroslag remelting. However, the oxidation-
reduction reaction between the slag and the metal during the
electroslag remelting process causes the metal elements Al
and Ti in the electroslag ingot to be oxidized. This results in
their uneven distribution in the axial direction, and seriously
affects the quality of the electroslag ingot”™™.

Current research methods of component content control in
the electroslag process rely upon theoretical calculations
combined with experimental verification. Researchers have
proposed a large number of reaction models, including
thermodynamic models, kinetic models, deoxidation models,
and desulphurisation models, to predict the content changes of
various components”"”. The study of the control of Al and Ti
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content employs mainly a thermodynamic model and a kinetic
model. In the case of an argon atmosphere or addition of a
deoxidizer, the oxidation reaction equation of Al and Ti in the
alloy is as follows*":

4[Al]+3(TiO,)=3[Ti]+2(ALO,) @)

The Al O, content in the slag is high, and the Ti content in
the high-titanium and low-aluminium alloy is much higher
than the Al content, which causes the Ti element to be easily
oxidized. At present, the focus of thermodynamics research is
to determine the optimal amount of TiO, in the slag when the
content of Al and Ti in the alloy is controlled. However, the
TiO, content required for smelting is not only related to the
type of alloy but also affected by the content of other
components in the slag. For different alloys, the optimal TiO,
content in the slag is variable. The focus of kinetics research is
to predict the distribution of Al and Ti elements in electroslag
ingots based on actual electroslag process parameters and slag
'8 This
conditions. The influence of slag composition and smelting

composition! more closely represents actual
conditions on Al and Ti content can be determined, and the
formulation of process parameters in the electroslag process
can be clarified. Therefore, it is important to summarize the
previous research methods and results to obtain the change
regularity and mechanism of Al and Ti content during the
electroslag remelting process.

This paper summarizes the research progress on the control
of Al and Ti content during the electroslag remelting process.
In addition, based on the ion and molecular coexistence theory
of slag (IMCT) and FactSage (GTT-Technologies, DE)
software calculations, the changes in the equilibrium Al and Ti
contents of the CaF,-Ca0-Al,0,-MgO-TiO, slag reaction with
Incoloy 825 alloy were identified. The oxidation regularity of
Al and Ti during the electroslag remelting of the Incoloy 825
alloy reveals the optimal TiO, content in the slag. To provide
theoretical guidance for the control of Al and Ti content in the
process of electroslag remelting, a kinetic model for
predicting Al and Ti contents was proposed based on the film

permeation theory.
1 Thermodynamic Calculation Method

The thermodynamic calculation of Al and Ti contents

during the electroslag remelting process can provide
theoretical support for the slag system design, and the key in
the calculation is the component activity in the slag. The
reaction of Al and Ti vs Al,O, and TiO, in the slag during the

electroslag remelting process under the protection of argon

where a,, and a,, are the activities of Al and Ti in the alloy,
and ay, and a, o are the activities of TiO, and ALO; in the

slag, respectively; the coefficients f,, and f, are the activity
coefficients of Al and Ti elements, respectively, and are
calculated using Wagner’s equation in the alloy with 1% as the
standard state, as shown in Eq.(3):

lgf, = X el %] 3)
where f; represents the activity coefficient of element i in the
alloy; ¢/ represents the activity interaction coefficient of
element j with respect to element i in the alloy. The activity
interaction coefficients of the components in the alloy are
listed in Table 1. The Incoloy 825 alloy composition is shown
in Table 2.
1.1 IMCT calculation of component activity in slag

According to the theoretical assumption of IMCT, the
structural units existing in the slag system include four simple
ions of Ca™, Mg”", F', and O, two simple molecules of ALO,
and TiO, **), other related compounds (Table 3), and related
chemical reactions (Table 4). The mole fraction of oxide in the
slag can be expressed as b, = n¢,o, by = Ny, by = Myy0, by =
Y0, bs = N . According to the definition of IMCT, Eq.(4~
9) can be acquired by defining N,, N,, N,, N,, and N; as the
active concentrations of the components. MATLAB R2017b

(MathWorks, USA) was used to perform the calculations
based on Eq.(4~9).

N+ Ny + oot Ng+ Ny + Ny + o+ Ns= 3N, =1 (4)

b, =(0.5N, + N, + 3N, + 12N, + N, + N, + N,
+3N, + 4N, + 3N, + 1IN, )Xn, = nl, )

by = (13N, + N5 + Nyyo) Don; = nly. (6)

by =(05N; + N, + Ny, + N, +2N,3) Zni = nOMgO (7
by=(Ny + N, + Ny + Ny + TN, + 2N + 6N+ N,y

Ny + 3Nys + TN ) Zn, = ny o, ®)
by =(Ns+N,+2N4+3N,+ N, + N, +
2N, + N)Zn, = nfe, ©)
1.2 FactSage calculation of component activity in slag
FactSage 7.3 thermodynamic software was used to

calculate the Al,O, and TiO, activities in the slag at 1773 K.
The FactPS and FToxid databases were used in the software.
The pure solid standard state was selected for the calculation
results.

¢

Table 1 Activity interaction coefficient of the alloying ele-

ments in Incoloy 825 alloy™"*"!

has been shown in Eq.(1), and the equilibrium constant of the FElement  Mn Cr Ni Al Ti Cu Mo
‘o . (91,
reaction is shown in Eq'(23) ' ) Al 0034 0045 -0.0376 0040 - - -
At a0, falTi] Ao, 35300
IgK =1lg ~=lg) tlg——= -9.94 (2) Ti  -0.120 0.025 -00166 -  0.048 0.014 0.016
a 3TioZ falAl] a%ioz r
Table 2 Chemical composition of the Incoloy 825 alloy (wt%)
C Mn Si P S Cr Mo Ni Cu Al Ti (0] Fe
0.010 0.107 0.131 0.009 0.009 20.620 3.180 38.880 1.660 0.120 1.000 0.0026 Bal.
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Table 3 Expression of structural units as ion couples or complex molecules, their mole numbers, and mass action concentrations in 100 g

CaF,-Ca0-AlL,0,-MgO-TiO, slags based on IMCT

Structural units as ion

Number of structural

Mole number of

Mass action concentration of structural

Item
couples or molecules units or ion couples structural unit, #/mol unit or ion couple, N,
2+ 2- = = = 2711 =
Ca"+ 0~ 1 = oo~ Mo cao N, _g_NCaO
_ B 3n,
Simple cation Ca*'+ 2F* 2 My = Mo car, — 2”F',CaF, N, = Z = Ny,
> "
2n,4
Mg+ O 3 1y = Mg o = Moo D
No=—t =N
ALO 4 Ny = Nyo, 1o " Mayo
Simple 23 ’ Zf’l,- o
molecule s
TiO, 5 s = Nrip, N, = § = Ny,
na]
CaO-AlLQ, cl Ner = Neaoalo, N, = z = Newoano,
n;
N
MgO-ALO, 2 My = Myigo-al,o, Ny = 2” = Nygo-an,0,
nc}
3Ca0-Al 0, c3 Nez = M3ca0-A1,0, Ngs = zn = Nicao-aL,0,
nr4
12Ca0-7AL0, c4 Moy = Mirca0-7A1,0, Ny = Z” = Nisca07a1,0,
Nes
Ca0-2A1,0, c5 Res = Neao2al,0, N = 2" = N(‘nO-ZAIQO}
N6
Ca0-6Al1,0, c6 N6 = Ncao-6A1,0, Ny = z = Newossano,
n;
nc7
CaO-TiO, c7 N7 = Neao-io, Ny = Z” = Neao-tio,
Complex ey
P 3Ca0-2TiO, c8 neg = M3ca0-21io, Ny = = Nicio2tio,
molecule Z"i
nc‘)
4Ca0O-3TiO, 9 Meg = Myca0-31iO, Ny = ? = Nicwostio,
. _ _ Neyo _
AlO; TiO, c10 Mero = Malo,io, Ny = j = Nai,0,7i0,
. - _ e
MgO-TiO, cll Mert = Mmgo-tio, Ny = Z = Mo -tio,
n;
. _ _ M
MgO-2TiO, cl2 Merz = Mugo-atio, Ny = 2” = Nygo-ario,
) _ _ Nz
2MgO-TiO, cl3 Mei3 = Momgo-tio, Ny = 2" = Naowgo-tio,
_ _ Mg
3Ca0-3AL,0,-CaF, cl4 Meis = M3¢a0:3A1,0,CaF, Ny = Z” = N3Ca0'3/\1203'(3aF2
_ _ nes _
11Ca0-7Al,0,-CaF, cls Me1s = M11Ca0-7A1,0,-CaF, Nos = 2’1 = Nicoran0,car,
The expressions of the equilibrium Al and Ti contents in the a2
ALO,
alloy are shown in Eq.(10) and Eq.(11), respectively: 1 lg—— — 4gf, + 3lgXy,
L Ao,
5 lg X, 4 ’ (1n)
Ario 35300
Ig B =+ 4lgf,, + 4lgX,, +3lgfy — T +9.94

1 a
1 X'~ I Al,O4
g Ti 3

31gr, 4 35300

-9.94

where X7; and X, are the initial Ti and Al contents in the alloy,

and X}, and X, are the equilibrium Ti and Al contents in the
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Table 4 Chemical reaction formulas of possibly formed complex molecules

[26-28]

Reaction AG//J-mol’ N,
(Ca>+0%) + (ALO,) = (CaO-ALO,) 59413 — 59.413T N, = K NN,
(Mg + 0*) + (ALO,) = (MgO-ALO,) ~18828 - 6.276T N, = K,N;N,

3(Ca’ '+ 0%) + (ALO,) = (3Ca0-ALO),)
12(Ca> + 0%) + 7(ALO,) = (12Ca0-7AL,0,)
(Ca® + 0%) + 2(AL0,) = (Ca0-2A1,0,)
(Ca® + 0%) + 6(AL0,) = (Ca0-6AL,0,)
(Ca* + 0%) + (TiO,) = (CaO"TiO,)
3(Ca** + 0%) + 2(TiO%) = (3Ca0-2TiO,)
4(Ca> + 0%) + 3(TiO?) = (4Ca0-3TiO,)
(ALO,) + (TiO,) = (ALO, TiO,)
(Mg> + 0%) + (TiO,) = (MgO-TiO,)
(Mg> + 0) + 2(Ti0,) = (MgO-2Ti0,)
2(Mg* + 0%) + (Ti0,) = (2MgO-TiO,)
3(Ca*'+ 0%) + 3(ALO,) + (Ca’ + 2F) = (3Ca0-3A1,0,-CaF,)
11(Ca*+ 0) + 7(ALO,) + (Ca’*+2F") = (11Ca0-7ALO, CaF,)

~21757 - 29.288T
617977 - 612.119T
~16736 - 25.522T
-22594 - 31.798T
~79900 - 3.35T
-207100 - 11.35T N
~292880 — 17.573T Ny =KoN'N;
-25270 + 3.924T Neo = K1 NyNs
-26400 + 3.14T Ny = K41 N3 Ns
NL‘IZ
Ncl3

N = KsNiN,
Ny =K, NN/
N5 = KsN,N{
N = KN, NJ
Ng = KN, N;

= KN/ Ng

-27600 + 0.63T =K,,N,N?
~25500 + 1.26T =K, NN,
-44492 - 73.15T N, = K ,N}N,N;
~228760 — 155.8T N,is = K sNV'N,N]

alloy, respectively.
2 Oxidation Regularity of Al and Ti Content in Alloy

A thermodynamic study of the electroslag remelting process
can obtain the equilibrium Al and Ti content in the alloy at the
end of the slag-metal reaction under the condition that the
alloy and slag compositions are fixed. It is usually used to
determine the optimal amount of TiO, in the slag to provide a
theoretical basis for further research. Pateisky et al” used
different slags for electroslag remelting experiments, and the
changes in Al, Ti, and Si contents during the electroslag
remelting process were studied. It was found that the reaction
of Ti and Si in steel with AL,O, in slag does not cause a
uniform distribution of axial components in the ingot.
Appropriate addition of TiO, and SiO, to the slag can reduce
the loss of Ti and Si. Duan et al® systematically studied the
effects of components and temperature of the slag on the
equilibrium Al and Ti content in the alloy with the help of
IMCT, and summarized the effects of the slag components on
the oxidation behavior of Al and Ti elements in the alloy. The
calculation result of equilibrium Ti content and component of
slag is shown in Fig.1. And the relative importance of factors
controlling the oxidation of Al and Ti is in the following
order: TiO,>AL,0,>CaO>CaF,>MgO. It can be observed that
as the temperature increases, the equilibrium Ti content
gradually decreases. At the same time, the kinetic model
proves that the mass transfer rate of Al and Ti in the alloy is
much greater than that of ALO, and TiO, in the slag. Hou

* proposed a thermodynamic model for the deoxidation

et al'
of 1Cr21NiSTi stainless steel during electroslag remelting.
When the amount of Al added is 0.15%, and the amount of
TiO, added to the slag is 4wt%, the Ti element of the steel can
be ensured not to lose.

According to Eq.(10) and Eq.(11), the relationship of the

equilibrium Ti and Al content in the alloy with the component

content in the slag at different temperatures as calculated by
both IMCT and FactSage is shown in Fig. 2 and Fig. 3,
respectively. As the temperature increases from 1773 K to
1973 K, the oxidation of Ti in the alloy increases. The main
reason is that as the temperature increases, the Gibbs free
energy of Eq.(1) increases continuously, and the tendency of
the reaction to proceed in the reverse direction increases. Yang
and Park et al®" studied the slag-metal equilibrium experiment
of CaF,-Ca0O-ALO;,-TiO, and Ni-based alloys from 1773 K to
1873 K, and calculated the activity-composition relationship
of ALO, and TiO, in slag from 1823 K to 1873 K using
FactSage software. The relationship is shown in Fig.4. Fig.4a
indicates that when the activity ratio of ALO, and TiO, is
constant, the higher the temperature, the larger the ratio of
Al O, to TiO,. More TiO, is then needed to prevent Ti loss.
From Fig.2a, 2b, 3a and 3D, it can be observed that as the
slag increases (0% to 35%), the equilibrium Ti content in the
alloy decreases significantly, and the Al content increases
significantly. When the content of Al or CaO is less than 15%,
the degree of influence is Al,O,>CaO, but the loss of the
equilibrium Ti content in the alloy is significantly slowed as
the content of Al,O, increases to larger than 15wt%. This is
because as the Al,O, content increases to 15wt%, the reaction
between AL O, and CaO is strengthened, the activity of ALO,
in the slag decreases, and the reaction strength of AL,O, and Ti
in the alloy is reduced, causing a decrease in the Ti content.
Jiang et al”®” proved that CaO can promote the oxidation of Ti
in GH8825 alloy through experiments and calculations of
CaF,-Ca0-AlL,0,-MgO-TiO,-Si0, slag and GH8825 alloy slag
at 1823 K. As shown in Fig.5a, as the CaO content increases,
the Ti is oxidized and the Al content is increased. The main
reason is that the optical basicity of TiO, is smaller than that
of AlL,O,, and CaO is more easily combined with TiO,. With
the increase in CaO content, the activity of TiO, evidently
decreases. Hou et al™ reported that the increase in CaO
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Fig.1 Calculation result of relationship between equilibrium Ti and component of slag™”: (a) CaO, (b) ALO,, (c) TiO,, (d) MgO,
and (e) CaF,
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Fig.2 Relationship between component content in slag and equilibrium Ti content in alloy: (a) CaO, (b) Al,O,, (c) TiO,, (d) MgO, and (e) CaF,

content during the reaction of CaF,-Al,0,-CaO-MgO-TiO,-
Si0, slag with 1Cr21Ni5Ti stainless steel significantly inhibits
Al oxidation in the alloy and intensifies Ti oxidation.
Therefore, when the content of CaO in the slag is high, it is
necessary to increase the content of TiO, to inhibit the

oxidation of Ti in the alloy. This is especially true for low-
fluorine slag, where the content of CaO and AlO; in the slag
is higher, and control of the Ti element requires more TiO, in
the slag. At the same time, the relationship between Al,0, and
TiO, in the slag and the content of Al and Ti in the steel under
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Fig.5 Effect of CaO and MgO on Ig [ (y10,)*/ (741,0,)°] in slag"™: (a) CaO and (b) MgO

different temperatures and CaO contents is established. Fig.6
shows that the contents of Al and Ti remain unchanged and

they are the corresponding components of the slag.
From Fig. 2c~2¢ and Fig. 3c~3e, one can see that as the
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Fig.6 Relationship between Al/Ti in steel and AL,0,/TiO, in slagt®!

content of TiO,, CaF,, and MgO in the slag increases, the
content of Ti in the alloy increases, and the content of Al
decreases. The relative magnitudes of their effects are TiO,>
CaF,>MgO. Increasing the TiO, content can significantly
inhibit the loss of Ti in the alloy. This is due to the increased
reactivity of the TiO, content with Al in the alloy. The Al in
the alloy is oxidized to Al,O; in the slag, and the Ti is reduced
in the alloy. However, the initial Al and Ti contents in
different alloys differ, and the optimal TiO, addition also
differs. Duan et al® showed that during the reaction of the
CaF,-Al,0,-Ca0-MgO-TiO, slag system and the Inconel 718
alloy (Al and Ti contents are 0.43wt% and 1.13wt% ,
respectively) at 1773 K, the optimal TiO, content in the slag is
4wt% . The results are shown in Fig. 7. The optimal TiO,
addition for smelting the Incoloy 825 alloy at 1773 K is
shown in Fig.2c. The calculated result using IMCT is 10%,
and the calculated result using FactSage7.1 is 12%. Compared
with the Inconel 718 alloy, the optimal content of TiO, for the
Incoloy 825 alloy is higher. Because the contents of Al and Ti
in the alloy differ greatly, more TiO, is required to control the
loss of Ti in the alloy. Moreover, the appropriate addition of
TiO, to the slag can not only control the loss of Ti in the alloy,

but also reduce the viscosity of the slag"”

, which is beneficial
for optimizing the kinetic conditions of the slag-metal
reaction. From the calculation results of Jiang et al®

highlighted in Fig. 5b, it can be observed that the value of

—=—1773 K —e—1823K
1873 K 1923 K
—4—1973 K

~

[O5}
T

T1:2.16wt% TiO2
T2:426wt% TiO2
T3: 10wt% TiO2

[\

—_—

(=)

Equilibrium Content of Al/wt%

0 2 4 6 8 10
TiO, Content/wt%

Fig.7 Relationship between equilibrium Al and Ti contents in the

alloy and TiO, contents in the slag using IMCT™¥

1g [(7110,)/ (741,0,)"] changes with the increase in MgO content
is very small (y, represents the activity coefficient of

component in slag). This shows that the change in MgO
content has little effect on the equilibrium Al and Ti content in
the alloy. From the experimental results of Yang and Park™" in
Fig. 4b, we can see that the effect of CaF, content on the
changes in Al and Ti content in the alloy is small. The CaF,
content improves the fluidity and conductivity of the slag.

Comparing the calculated results of IMCT with those of
FactSage in Fig.2 and Fig.3, it is observed that the oxidation
of Ti in the alloy is greater than that obtained using FactSage.
As can be seen from Fig.2c and Fig.3c, the FactSage results
show that the optimal TiO, content for controlling Al and Ti
content in the alloy at 1773 K is 10%, while the IMCT
calculation results show that it is 12%. The higher calculated
result of IMCT indicates that the Ti element in the alloy has
excessive loss when calculated by IMCT. In a previous study,
the author conducted a high-temperature slag-metal
equilibrium experiment on CaF,-CaO-Al,0,-MgO-Li,0-TiO,
low-fluorine slag and Incoloy 825 alloy at 1773 KP%. The
experimental results are shown in Fig. 8. The deviation
between the calculated results of FactSage/IMCT and the
experimental result is shown in Fig.9. It can be observed that
the calculated result of FactSage has small deviation from the
experimental result, while the calculated result of IMCT has a
slightly larger deviation from the experimental result. There
are two reasons for this result. First, loop iteration method in
MATLAB is used in the IMCT calculation process, and
certain errors occur during the process. Second, the FactSage
database is relatively larger than the dataset used for IMCT.
All IMCT data come from the data obtained in previous
studies, but the data quantity is relatively less. This may be the
main reason for the error; however, the calculation principle
used for both data sets is the same, based on the Gibbs free
energy of the component reaction in the slag. The calculation
results indicate that as the TiO, content is higher, the
calculation results are closer to the experimental results.
Summarizing the calculation and experimental results, it can
be concluded that the optimal TiO, addition amount in the slag
is approximately 10% to prevent the oxidation of Al and Ti
elements in the alloy during electroslag remelting of the
Incoloy 825 alloy.

3 Mass Transfer of Al and Ti Elements During
Electroslag Remelting

A kinetic study of the electroslag remelting process was
used to predict the changes in the Al and Ti elements in the
alloy. In the industrial electroslag process, the slag-metal
reaction is more complicated and the thermodynamic
applicability is reduced, but analysis is conducted mainly
using kinetics. The mass transfer process of Al, Ti, TiO,, and
ALO, during the electroslag remelting process is shown in
Fig.10.

The mass transfer of slag and alloy components occurs in
three regions of the slag, i. e. the metal interface at the
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electrode tip, the droplet-slag interface in the process of
droplet dropping, and the molten metal pool-slag interface.
The reaction formulas of Al and Ti in the alloy with AL,O, and
TiO, in the slag are as shown in Eq.(12) and Eq.(13):

(a0)"
My
— 4
(TiOy)
—
(Al,05)
i
Al o
<=
Alloy Phase interface Slag

Fig.10 Mass transfer diagram of slag-metal interface

[Al]+ 1.5[0]=(AlO,.)
[Ti]+2[0]=(TiO,)

(12)

(13)
The expressions for the equilibrium constants are shown in

Eq.(14) and Eq.(15).

Ao, 32000

lgK, = lg—s = - 1029 (14)
~ amaol’5 T
dro, 34458
lgKy, =lg— o = 7~ 1196 (15)
aridg

According to the film-penetration theory, the diffusion flux
of component 7 can be expressed as Eq.(16):

k. ok .
J, = 1(")"(‘)pM‘“[ {[%i]-[%i]'} = 1010'51\?[0\, {(%iOx) *(%iOX)}(16)

where J, is the diffusion flux of i; k;and k,, are the mass tran-
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sfer coefficients of 7 and O, in the alloy and slag, respectively;
M, and M,, are the relative atomic masses of i and /O, respec-

tively; p,, and p, are the densities of the alloy and slag, respec-
tively; [%i]* and (%iOx) are the interfacial concentrations of

the components in the molten alloy and slag, respectively.
According to Eq. (16),
element i in the alloy can be expressed as Eq.(17) and Eq.(18):

the interface concentration of

ki,mpmMiO
—— [%i]+(%I0,)
(y. o isH's i 17
[ Ol] kimpmeo ( )
+ B.ay
ki,spsMi Iao
(%CaF,) . (%i0,)
* MiOYf;' M M + M
(%iOx) CaF, o,
B, = T (18)
[%i] ag* Vio,
where a(, is the interface oxygen activity and K, is the
equilibrium constant. The activity coefficient of the

components in the alloy, f,,, and the activity coefficient of
component O, in the slag, y,,, are calculated using Eq.(19)

and Eq.(20), respectively

lgf, = Y (e[ %1+ [ % 1) (19)
— (20)
Yo, (%i0,)

where ¢/ and 7/ are the first-order and second-order interaction
parameters in the alloy, respectively. The first-order interac-
tion coefficients are listed in Table 1. The currently available
second-order interaction coefficients are summarized as:
re = -0.004, ral = (-0.0011+ 0.17/T), ra = -0.0006,
N =10.000164, rg =(-0.0055+ 6.5/T), rs =0.00043,
ri=-0.001, »}' = 0.0005"". The activity of the components
in the slag is represented by a;, .

where W,
comprehensive mass transfer coefficient. The interfacial
oxygen activity can be determined according to the mass
conservation of elements at the interface, as shown in Eq.(25).
1.5 d[%Al] 2 .d[%TiLLd[%O]:O (25)
MAl dr MTi dr M, dt

is the mass of molten steel and k, is the

According to Eq.(21~25), mathematical expressions for the
change in Al and Ti contents in the alloy can be obtained, and
expressed as Eq.(26) and Eq.(27):

A (%Al0,,)| (%AlO,)
[ %Al ]=EXP| ~—— k¢ |{[ %Al |- ~—— 1 (26)
W, Bag " Byay '’
S 4 o o (%Ti0,)| (%TiO,)
[%Ti]=EXP kgt | < ([ %Ti] -+ (27)
Wa Bray® Bray’

According to the conservation of mass, the contents of
Al O, and TiO, in the slag can be obtained. The mass transfer
coefficients for different regions are obtained using Eq. (28)
and Eq.(29):

/D,

k=2 (28)

=2 : 29
N (29)

where D; and D,, are the diffusion coefficients of the

components in the alloy and slag, respectively, and ¢ is the
slag-metal reaction time at different reaction regions. The
values of the diffusion coefficients are listed in Table 5.

The mathematical expressions for calculating the mass
transfer resistance of the Al and Ti elements in the alloy and
AlO, and TiO, in the slag are shown in Table 6. According to
Table 6, the rate-determining step during the process of
electroslag remelting can be obtained.

According to the above kinetic model results, the change of

o Al and Ti elements in the ingot during the electroslag
*% = (A km) [%Al] - M (21) remelting process can be predicted. This reduces the
! W nao"? experiment cost, and clarifies the control factors of Al and Ti
d[%Ti] 4 . (% TiOz) conter.lt in the reaction process, .as well as the rate-determini.ng
4 Wkﬂ [%Ti] - Ba? (22) step 1r_1 the -slag-metal- react19n process. It can prf)Ylde
" riro theoretical guidance for improving the technology conditions
d[%0] 4 a of electroslag remelting.
T (Wm kO) [%0]- fo} (23) Fraser et al®*’ proposed a kinetic model in the electroslag
remelting process using the film-penetration theory to study
1__1 Mo, (24) the mass transfer behavior between the two systems, Mn +
ki ki,mpm Bk, .pM.ay* MnO and Fe + FeO. The model is relatively simple. The mass
Table 5 Relevant component diffusion coefficients of alloy and slag™®
Temperature/K D, /* 107 cm’s’! D,/x 107 cm’s™ Dy/x 107 cm™s™ D j,0,/% 10° em®s! Do /% 107 em’s™
1750 1.5 1.5 1.5 7.1 2.7
1773 2.7 2.7 2.7 7.8 3.0
1798 44 44 44 9.0 35
1923 57 57 57 35 6.0
1938 77 77 77 0 7.2
1950 92 92 92 50 8.0
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Table 6 Mass transfer resistance of components in alloy and slag

transfer process of the electroslag remelting process was
analyzed in detail, and the mass transfer coefficient and mass

Al Ti ALO, TiO,
M M transfer time were derived. Based on a large number of
1 Alolﬁ T‘Ol . . ey . .
ok BMooka s Mo ka? experiments, the feasibility and rationality of the model were
m im s sa ’ i its sa . .
AP o 7P tdo verified. Schwerdtfeger et al*'! obtained a mass transfer model
1.0 1.0 1.0
. | —— Electroslag @ Measured ExpA g Electroslag e Measured ExpB b | ——Ingot e Measured Exp.C c
9\_, 09F Ingot 09F Ingot 0.9} Electroslag
B3 F |
< o0sf 08t 0.8}
S Cl [
= 07F 0.7F 0.7
[=] 3 L
Z 06} 06} 0.6}
5 os! 1
= 0.5F 05t 0.5F
5 [ |
©o4f 04}t 0.4}
=t I
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Fig.11 Variation of Ti content in consumable electrodes and electroslag ingots™**: (a) Exp. A, (b) Exp. B, and (c) Exp. C

of the AI+ALO,, Ti+TiO,, and Fe+FeO systems in the
electroslag process based on the results of Fraser’s research,
and predicted the Al, Ti, and ALO, and TiO, contents in the
steel in the electroslag remelting process. The composition
change of the ingot is
experimental results. Wei et al™**! optimized the model of

in good agreement with the

Fraser, and proposed a kinetic model of the heterogeneous
reaction in the electroslag process. The optimized model used
a CaF,-AlL,O, (argon atmosphere) and a CaF,-CaO-AlO, (air
atmosphere) slag system to subject SAE 1020 steel to
electroslag remelting on a 1t UBC 250 kVA electroslag
furnace. The results show that the burning loss of Si in the
steel during the electroslag remelting process under an argon
atmosphere is significantly improved, and the burning loss of
Al, Si, and Mn in the alloy is mainly due to the strong
oxidation of FeO. The model also explains that the influence
of CaO in the slag on the activity of SiO, and ALO, is the key
to control Si/Al in the electroslag ingot. Hou et al™*
proposed a kinetic model for mass transfer in Al + AL,O,, Ti +
TiO,, Si + SiO,, and Fe + FeO systems and tested the model
with CaF,-Ca0O-ALO,-Si0,-TiO,-MgO slag and 1Cr2INi5Ti
in electroslag remelting experiments on a 50 kg electroslag
furnace. The model calculation results are in good agreement
with the experimental results. The Al, Ti, and Si in the steel
and ALO,, TiO,, and SiO, in the slag, as calculated by the
model, accurately predicted the variation in the composition
of the electroslag ingot. The model also identified the rate-
determining steps of the reaction: mass transfer of alumina
through the molten steel, silica through the slag, and titanium
on both the metal and slag sides. In addition, it is found that
the addition of 200 g TiO, during the initial heating stage of
electroslag remelting can significantly inhibit the loss of Ti.
Fig. 11 illustrates that even under the optimal process
conditions and slag system, Ti loss inevitably occurs in the
ingot. This may be due to the complex environment in the

actual electroslag process and the difficulty of imposing stable
in the process. In the
particularly, the fluctuation range of metal elements is
relatively large. Therefore, it is necessary to use the kinetic

controls initial heating stage,

method in the electroslag remelting process to further explore
improvements in process conditions. Our current kinetic
model considers relatively few actual factors, and more
accurate models are needed for the future development
processes. However, our model more closely represents the
actual process, which not only helps to have a clearer and
deeper understanding of the entire electroslag remelting
process, but also further optimizes the process parameters and
slag system ratio, and more accurately controls the Al and Ti
content.

4 Conclusions

1) Based on previous research, our study summarizes the
thermodynamic and kinetic methods to control the Al and Ti
content in the process of electroslag remelting. The results of
the thermodynamic calculations indicate that an increase in
temperature increases the oxidation of Ti and inhibits the
oxidation of Al.

2) The increase in CaO and ALO, content in the slag
increases the oxidation of Ti; however, when the Al,O, content
is greater than 15%, the oxidation of Ti in the alloy becomes
weaker. The higher content of CaO and AlLO, in the low-
fluorine slag system requires addition of more TiO, to inhibit
the oxidation of Ti in the alloy. Increasing the TiO, content
significantly inhibits Ti oxidation, but different alloys require
different amounts of TiO,.

3) The FactSage calculation result has a small deviation
from the slag-metal equilibrium experiment result, while the
IMCT than the
experimental result. As the TiO, content in the slag increases,
the calculation results are closer to the experimental results.

calculation result is slightly larger
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Based on the film-penetration theory, a kinetic model is
proposed for the process of electroslag remelting, and the
mathematical expressions for the change in the Al and Ti
element content and the rate-determining step in the process

of el

ectroslag remelting can be obtained.
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