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ARTICLE INFO ABSTRACT
Article history: The control of titanium and aluminium in nickel-base superalloy with high titanium and
Received 21 November 2022 low aluminium during the electroslag remelting (ESR) process has not been resolved well
Accepted 13 February 2023 so far. The loss of titanium (Ti) and aluminium (Al) during the ESR process is critical to
Available online 18 February 2023 improve the high-temperature performance of GH4065A superalloy. A thermodynamic
model based on the ion and molecule coexistence theory (IMCT) was developed to calculate
Keywords: the Ti and Al content of Si0,—Al,03—FeO—TiO,—CaO—MgO—CaF, slag system during the
Electroslag remelting ESR process of GH4065A superalloy. Results show that the order of the ability of each
GH4065A element in the slag system to weaken the loss of Al content is in the following order Al,.
Slag system O3 > CaO > CaF,, enhance the loss of Al content is SiO, > FeO > TiO,, CaF, > MgO and
Thermodynamic model enhance the loss of Ti content is FeO > SiO, > Al,03 > CaO. Considering the influence of the
Ion and molecule coexistence slag system on the elements Al and Ti, the optimal ratio of the slag system is CaO = 15 w%
theory ~20 w%, CaF, > 60 w%, Al,03 = 18 w%~25 w%, SiOy < 0.5 w%, TiO; = 1 w%+(0.2 w%~0.6 w%),

MgO > 4 w%, FeO <0.1 w%.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

recent years. It is well known that the advantage during the
ESR process is the cleanness and homogeneity of ingot.
However, the Ti and Al element is often oxidized during the
ESR process of GH4065A superalloy [1]. The main reason is the
chemical reaction between O element in slag and Ti or Al el-
ements in superalloy. There are three reasons explaining this

1. Introduction

The combination of vacuum induction melting (VIM), elec-
troslag remelting (ESR), and vacuum arc remelting (VAR)
technique are proposed to produce the GH4065A superalloy in

* Corresponding author.
E-mail address: wangfang@smm.neu.edu.cn (F. Wang).
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creativecommons.org/licenses/by-nc-nd/4.0/).
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reaction [2—4]: (1) Self-consuming electrode carries oxygen; (2)
Oxidation of slag system is too high; (3) Ti and Al element in
GH4065A superalloy are prone to react with unstable oxides in
slag system.

The primary approach for decreasing of Ti and Al content in
GH4065A superalloy is to reduce the reaction with O elements
during the ESR process [5]. The Ti and Al element are distrib-
uted unevenly from the top to the bottom of ingot if without
appropriate slag. The high-temperature performance of alloy is
also weakened accordingly. Therefore, it is crucial to further
understand the effect of slag on Ti and Al in superalloy [6].

Some studies [7—9] investigated the effect of slag on the
key elements, such as Ti, Si, or Al in the metallurgical process.
Chen et al. [10] investigated the titanium loss during the ESR
process of A286 and V57 superalloys through experiments
method. Pateisky et al. [11] analyzed the reaction of titanium
and silicon with the alumina-calcium oxide-fluorspar slags
system. They proposed the optimal solutions for reducing the
loss of Ti and Si. Park et al. [12] investigated the thermody-
namic equilibrium between CaO—SiO,—Al,03—MgO—CaF,(-
—TiOx) slags and the Fe—11mass%Cr melt to understand the
thermodynamic behavior of titanium oxide in refining slag. As
a critical path to predict the composition content in slag, the
ion-molecular coexistence theory (IMCT) method has been
developed [13]. Yang et al. [14] developed a thermodynamic
model for predicting the phosphate capacity of CaO—SiO,.
—MgO—FeO—Fe,03—MnO—Al,03—P,0s slag at the steelmaking
endpoint during an 80-ton top/bottom combined blown con-
verter steelmaking process based on the IMCT. Duan et al. [15]
developed a thermodynamic model to calculate the mass ac-
tion concentration of ion-coupling agents or structural units
in slag based on the IMCT. The developed thermodynamic
model for calculating the manganese distribution ratio can
determine the respective manganese distribution ratio and
capacity of four demanganization products quantitatively. Li
et al. [16] predicts the sulfide capacity of CaO—SiO,.
—MgO—Al, 0z ironmaking slag and validated two sets of sulfide
capacity data for CaO-SiO,—MgO—Al,O; ironmaking slag
based on IMCT. This model can accurately predict the distri-
bution ratio of metallurgical slags. Moreover, several re-
searchers have taken the IMCT method into slag prediction
during the ESR process. Yin et al. [17] analyzed the control of
aluminum and titanium elements during the electroslag
remelting of high titanium and low aluminum alloy Inconel
718. Hou et al. [18] focused on designing appropriate slag for
controlling titanium content during 1Cr21Ni5Ti remelting
based on the ion and molecule coexistence theory.

In this paper, a thermodynamic model to calculate the Ti
and Al content with SiO,—Al,0;—FeO—TiO,—CaO—MgO—CaF,
slag system during the ESR process of GH4065A superalloy
based on the IMCT is developed. Since the Ti content during
the actual ESR process is often loss, the extra TiO, of 1 w% will
be added in the slag system to keep the Ti content. Moreover,
the influence of composition and temperature of the

Si0,—Al,03—FeO—TiO,—CaO—MgO—CaF, slag system on the Ti
and Al content are analyzed. If the Ti and Al content in in-
dustrial ingot could be predicted and controlled, it is beneficial
to improve the high-temperature performance of GH4065A
superalloy.

2. Thermodynamic model

The chemical composition of GH4065A superalloy is listed in
Table 1. During the actual industrial process, the slag system
is specific and selected [19]. The slag system used for GH4065A
superalloy during the ESR process is shown in Table 2. More-
over, since the Ti content during the ESR process is often
reduced significantly, the 1 w% TiO, is added to the slag sys-
tem to lessen the oxidization of titanium.

The reference temperature used in this model are 1873 K,
1923 K, and 1973 K, respectively. In this paper, the decrease of
Ti and Al is not only accounted for the oxidation reaction but
also the reaction between Ti and FeO or SiO, in slag system as
follows [14,17,18,20]:

ek —1g G, ) Ao, 35300 o004 )
a'zfi : a"z\lz O3 .f% [T1]3 ailzoa T '

[Ti] 4+ 2(FeO) = (TiO,) + 2[Fe] (3)
ario ario, 34990.6

lgk =1 2 _=lg——— 2= —10.49 4

& gaTi a2 ngi [Ti]2 aZeo T @

[Ti] + (Si0,) = (TiO,) + [Si] (5)
ario 1 AaTio 180

lgK=1g———=—=1 +1 f=——+136 6

ge'e ari*asio, & fri | Ti)? Sare0 T ©

The effect of slag system and temperature on Ti oxidation
is given as:
o1, Gno, (35300
Ig[Ti| = 3 {lg @y 31g fri ( — 9.94> } (7)
34990.6

<
&

1g[Ti] = {1g% ~1g fri - <

)

Table 2 — Chemical composition of slag system (w%).

Si0, Al, O3 FeO TiO, Ca0O MgO CaF,
0.5 21.2 0.1 0.2 18.0 2.0 58.0

Table 1 — Chemical composition of the GH4065A superalloy (w%).

@ Co Al W Zr

Cr

Mo Ti Nb Ni B

0.008 13.0 2.13 4.0 0.045

16.0

4.0 3.73 0.7 56.371 0.016
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Table 3 — Interaction coefficients ei of the components.

) @ Cr Ti Mo Ni
1
Al 0.091 0.0212 0.0800 0.004 = —0.0376
Si - 0.0251 [26] 0.0589 [26] - - —0.0100
Ti -0.19 0.0250 0.0037 0.0561 0.016 —0.0166
. ario, 180 1 ag 39976.55
1g[Ti| = {lg—Zflngl - <—+1.36>} 9) _= Aly03 _ _ 22
Gsio, T lglAl 4 le @310, * BReo * O30, 3lgfn T 967
When the reaction reaches equilibrium at the slag-metal (18)

interface, the content of Ti element in superalloy can be
approximated as the sum of Egs. (2), (4) and (6) shown as:

9.
1g[Ti] :% {1gazaT1023 _ 3lgfy — (23433'9 - 5.81> } (10)

eqt .
Al,0, * reo * 5i0,

where K denotes the reaction equilibrium constant; awm,o, is
the activity of the component M;Oy; T represents the reaction
temperature; fy is the activity coefficient.

2A1 + 3FeO = A1203 + 3Fe (11)
a3

gk —1g 28h0s _jg 1 om0, 443831 o0 (g
a1 Afeo 2,[A]] Ofeo T

4Al + 3Si0,= 2A1,05 + 3Si (13)
a2 a2

lgk =1g-22% _1g ! . A0 358405 g6 (14)
150, Al Ao, T

The effect of slag system and temperature on the Al
oxidation is listed:

1, a3
IglAl =4 {lg a‘*;z% +41gfa— (—3‘?00 + 9.94) } (15)
TiO,
1glAl] :% {1g%223 —2lgfn - <443f3'1 - 11.44) } (16)
2
Ig[All _i{lgtﬁz%_ug fu— (35;3,40_5.86>} (17)
Si0,

When a reaction reaches equilibrium at the slag-metal
interface, the content of the Al element in superalloy can
be approximated as the sum of Egs. (12), (14) and (15) shown
as:

where K indicates the reaction equilibrium constant; awm,o,
denotes the activity of the component M;Oy; T is the reaction
temperature; fy is the activity coefficient. Which can be
expressed by Eq. (19).

1gfi= Y ey (19)
where w; expresses the mass fraction of the component j in
the superalloy; f; denotes the activity coefficient of component
i e{ indicates the interaction coefficient between the two
components of i and j in the superalloy [21-25], as shown in
Table 3.

Based on the IMCT, the remelting slag includes simple ions,
simple molecules, and complex molecules, which are in a
delicate dynamic equilibrium relationship [27]. The relevant
compounds and chemical reactions in the slag are listed in
Tables 4 and 5. Since an extra 1w% TiO, was added to the slag,
the mole number of seven components in 101 g slag could be
expressed as ¢1 = N5, Co = Ny, C3 = nglzoz, 4 = ”(s)ioy Cs =
n%oz, Cg = nf,[g@ ¢; = n%,. The mass action concentration of

components can be calculated as :

o_ i

i Z n;
The following equilibrium reaction Egs. (14)—(21) can be

established based on the reaction mass conservation law with

IMCT method. Taking Egs. (13) into ((14—21)), the Ny, N, N3, Ny,

Ns, Ng, N after reaction can be calculated and obtained by the

Matlab® software.

n

(20)

K =exp(—AG{ /RT) (22)

Ni+N;+N3+ -+ +N7+Npi +Nip+Npg++ +Nigs = »_Ni =101

(22)
0.5N1 + Ny1 + Npz + 2Nps + 3Np7 + 12Nypg + Nyg + Np1o + 3Np12 + Np13 + 3Np1a
¢y = [ +4Np1s + 3Npoo + Npo1 + 2Np22 + 3Npo3 + Nyosa + 2Npos + 3Nyos + Npgz + 11N Z ny=n, (23)
+Np2o + 3Np3o
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Table 4 — Molar number and mass action concentration in 101 g SiO,—Al,0;—FeO—TiO,—CaO—MgO—CaF, slags based on

IMCT [26,28—30].

Item Structural unit Symbols Molar number ny/mol Mass action concentration of structural units N;
Simple ion Ca2t + 0% 1 N1 = Nga2r,cao = MNo*- cao N; = Zy:lln = Ncao
Ca?* +2F~ 2 Ny = Nca2+ car, = 2NF- CaF, N, — ;nr{ = Near,
MgZ- + 0% 6 N6 = Nmg2+ Mgo = No2- Mgo Ne = ;Lrﬁll = Nmgo
i
Fe2t + 0% 7 N7 = Npe2+ Feo = N2~ peo N; = % = Nreo
Simple and AL O3 3 N3 = Nal,0, N; = ﬁl = Nao0,
complex molecule sio, . - . erll’li .
oo 4 = ﬁ = Nsio,
TiO, 5 N5 = nrio, Ns = % — Nrio,
Ca0-Sio, bl Np1 = Ncao-sio, Ny = ;:b:ll_ = Ncao-sio,
MgO-Si0, b2 Np2 = Nuigo-sio, Npy = % = Nwgo-sio,
1
Ca0-Al,03 b3 N3 = Ncao-AL,0; Nis = Z":b; = Mo
i
MgO-Al,05 b4 Mips = Mytgo-AL,05 Npy = Zn:b:l = Nygo- 1,0,
1
2Ca0-Sio, b5 Nps = Nycao-sio, Nps = % = Nacao-sio,
i
2MgO-SiO, b6 Mg = Nownigo-sio, Nps = ;:b:r = Nomgo-sio,
1
3Ca0-Al,05 b7 M7 = N3Ca0-AL,0, Npy = gb; = Nica0.41,0,
1
12Ca0-7Al,03 b8 Nbg = N12ca0 741,05 Npg = ;:bjl' = N12ca0-741,05
i
Ca0-2Al1,05 b9 Ty = Ncao-241,0, Nipo = gbi = Mm@
1
Ca0-6AL,0; b10 Mb10 = Ncao-6AL,05 Nbto = gl;l’ = Neo @ie
i
3A1,05-2Si0 bi1 Tip11 = N3al,0, 2500, Npgy — % = Ny, 0 55
1
3A1,05-Si0 b12 Mb12 = N31,0,-5i0, Npi = % = Naal,0, 10,
1
Ca0-TiO, b13 Nb13 = Ncao-Tio, Npis = gﬂ;’ = Ncao-Tio,
1
3Ca0-2TiO, bl4 Np14 = N3ca0-2Ti0, Npia = gln‘: = N3ca0.21i0,
4Ca0-3TiO, b15 Nb15 = N4ca0-3TiO, Npgs = glyi_ = Nacao-31i0,
Al,05-TiO, bi6 Np16 = NALO;, TiO, Npig = gﬂ; = NaL,0,-Ti0,
i
MgO-TiO, b17 Np17 = NMgo-Tio, Npyy = % = Nugo-Tio,
1
MgO-2TiO, b18 Nb1g = Nigo-2TiO, Npig = ;‘:’1;: = Nwgo-21i0,
i
2MgO-TiO, b19 Np19 = NoMgo-TiO, Np1g = % = Nawmgo-Tio,
1
3Ca0-2Si0, b20 Nb20 = M3ca0-25i0, Npgo = g:ﬂr? = Nscao-2si0,
i
Ca0-Mg0-2Si0, b21 Mpo1 = Nca0-Mgo 250, Nigs = % = Neao Mgo-25i0,
1
2Ca0-MgO-2Si0, b22 Nb22 = Nyca0-Mgo-25i0, Npgo = g:ﬂnZ = Nacao-mgo-2sio;
i
3Ca0-Mg0-25i0, b23 Mb23 = M3Ca0-Mg0-25i0; Np2s = % = Ni3ca0-Mg0-25i0,
1
Ca0-Al,03-2Si0, b24 Np24 = Nca0-AlL,05-25i0; Npgs = SQ:- = Ncao-al,0,-25i0,
i
2Ca0-Al,03-Si0, b25 M5 = Myca0- AL, Si0, Nigs = % = N e c
1
3Ca0-3A1,05-CaF, b26 Nb26 = N3Ca0-3A1,05-CaF, Nigs = gﬂns = N 2600 @5,
i
Ca0-MgO-SiO, b27 Np27 = Nca0-MgO-Sio, Npy = gﬁ; = Ncao-Mgo-si0,
1
11Ca0-7Al,05-CaF, b28 Nb2g = N11Ca0-7A1,05-CaF, Nigs = gﬁ: = N om0 @
i

(continued on next page)
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Table 4 — (continued)

Item Structural unit Symbols Molar number ny/mol Mass action concentration of structural units N;
Ca0-Si0, - TiO, b29 Nbog = Nga0.-5i0,-Ti0, Nigs — % = Neao-si0,-1i0,
1
3Ca0-2Si0,-CaF, b30 Np3o = N3ca0-25i0, - CaF, Nizo = % = Nicao-25i0,-Caf,
1
2MgO-2A1,05-5510, b31 Mb31 = MaMgo-241,05 5510, Npsz; = % = Nawmgo-241,05 -55i0,
1
ol ALy Lzt Mb32 = Mpe0-Al;05 Npzy = % = Nreo-aL,0,
1
2Fe0-SiO; b33 Np33 = Noreo-sio, Niss = % = Noreo-sio,
1
2Fe0-TiO, b34 Np34 = NoFe0-TiO, Npzs = ;:’3:_ = Nareo-TiO,
1
B0 T, L5 M35 = Mpe0-Ti0 Npzs = ;ﬁ: = Nreo-Tio,
FeO-2TiO, b36 Np3e = Npe0-2TiO, V1b361

Niss = w222 = Npeo-oi
b36 Z n; FeO-2TiOy

Table 5 — Chemical reaction equations of possible composite molecules [9,12,14,18,25,27,30—32].

Chemical reaction formula

AG!/(J-mol™?)

Ni

(Ca%t + 0%") + (Si0,) = (Ca0-Si0,)

(Mg?* + 0%7) + (Si0,) = (MgO-SiO,)

(Ca%t + 0%") + (ALL,03) = (Ca0-AlL,05)

(Mg?* + 0%7) + (AL O3) = (MgO-AL,03)
2(Ca%t + 0%7) 4 (Si0,) = (2Ca0-Si0,)

2 (Mg?t + 0%7) + (Si0,) = (2MgO-Si0,)
3(Ca%t + 0%7) + (Al,03) = (3Ca0-Al,03)
12(Ca2*t 4+ 0%") + 7(AL,03) = (12Ca0-7Al,03)
(Ca?* + 0%7) + 2(AL,03) = (Ca0-2A1,03)

4
4

—92528 + 2.512T
23,849 — 29.706T
59,413 — 59.413T
—18828 — 6.276T
—102090 — 24.267T
—56902 — 3.347T
—21757 — 29.288T
617,977 — 612.119T
—16736 — 25.522T

Np1 = Kp1N1Ng
Np2 = Kp2N4Ne
Nps = Kp3N1N3
Nbs = KpaN3Ns
Nps = KpsNZN,
Nys = KpsNaNg
Ny; = Kp7N3N3
Npg = Kng%zNg
Npg = KpoN1N3

(Ca%* + 02°) + 6(Al,03) = (Ca0-6Al,03) —22594 — 31.798T Np1o = Kp1oN1N§
3(Al,03) + 2(Si0;) = (3AL,05 -2Si0) —4354.27 — 10.467T Np11 = Kp1N3N2
3(Al,03) + (Si0,) = (3Ca0-Si0,) —118,826 — 6.694T Nb1z = Kp12N3Ny
(Ca2t 4+ 0%") + (Ti0y) = (CaO -TiO,) —79900 — 3.35T Nbi3 = Kp13N1Ns
3(Ca2* + 0%) + 2(Ti0,) = (3Ca0 -2Ti0,) 107,100 — 11.35T Nb1s = Kp1aN3NZ
4(Ca?t + 02") + 3(TiO,) = (4Ca0 -3TiO,) —292,880 — 17.573T Npgs = Kp1sNiN2
(Al,03) + (TiO;) = (Al,03 -TiO,) —25270 + 3.924T Np1g = Kp1N3Ns
(Mg + 0*") + (Ti0,) = (MgO-TiO,) —26400 + 3.14T Np1; = Kp17NsNe
(Mg2* + 0%) + 2 (TiO,) = (MgO-2TiO,) —27600 + 0.63T Npig = Kp1sN2Ns
2 (Mg?t + 0%7) + (TiO,) = (2MgO-TiOy) —25500 + 1.26T Npig = KpigNsNZ
3(Ca2* + 0%) + 2(Si0;) = (3Ca0 -2Si0,) —236,814 + 9.623T Nbgo = KpooN3Nj
(Ga2t 4+ 0%) + (Mg2" 4+ 0%7) + 2(5i0;) = (CaO -MgO -2Si0,) —80333 — 51.882T Npo1 = Kpp1N1N3Ng
2(Ca2* + 0%) + (Mg2* + 0%") + 2(Si0,) = (2Ca0 -MgO -2Si05) ~73638 — 63.597T Npz2 = KpzoNZN3Ng
3(Ca?t + 0%7) + (Mg2t 4+ 0%7) + 2(Si0,) = (3Ca0 -MgO -2Si0,) —205016 — 31.798T Np2z = KposN3NZNe
(Ca?t + 0%7) + (Al,03) + 2(Si0;) = (Ca0 -Al, 05 -2Si0,) —4184 — 73.638T N4 = KppaN1N3N3
2(Ca2t + 0%7) + (AL, 03) + (Si0;) = (2Ca0 -Al, 05 -Si0,) —116,315 — 38.911T Npzs = KipsN3N3Ny
3(Ca%t + 0%7) 4 3(Al,03) + (Ca?t + 2F~) = (3Ca0-3Al,05 -CaF,) —44,492 — 73.15T Nbzs = KposNTN2N3
(Ca?t + 0%") + (Mg?" + 0%") + (Si0,) = (CaO -MgO -Si0,) —124,683 + 3.766T N7 = Kpo7N1NsNe
11(Ca?* +0%") + 7(Al,05)+ (Ca2* + 2F~) = (11Ca0-7Al,0; -CaFy) —228,760 — 155.8T Nigg = KipgNi'NaNj
(Ca2t 4+ 0%") + (Si0,) + (TiO,) = (Ca0 -Si0, -Ti0y) —114,683 + 7.32T Npog = Kp2oN1N4Ns
3(Ca%t + 0%) + 2(Si0y)+ (Ca%t + 2F~) = (3Ca0 -2Si0; -CaF,) —255,180 — 8.2T Npso = KpzoN3N,N2
2(Mg2t + 0%7) + 2(AL,03) + 5(Si0z) = (2MgO -2A1,05 -55i05) —14422 — 14.808T Nbs1 = Kp3 N3NZNZ

(Fe2t + 0%7) + (AL,03) = (FeO-AL,03)
2(Fe2t 4+ 0?7) + (Si0y) = (2Fe0 -Si0,)
2(Fe?t + 0?7) + (TiO,) = (2FeO -TiOy)
(Fe?* + 027) + (TiO,) = (FeO -TiO,)

(Fe?* + 0?7) + 2(TiO,) = (FeO -2TiO,)

—59204 + 22.343T
—9395 — 0.227T
—33913.08 + 5.86T
68,320 — 43.965T
—16188.703

Nb3z = Kp32N3N7
Np3z = KpzsNaN37
Nyzs = Kip34NsNZ
Np3s = Kp32NsNy
Npss = KpzsN2Ny
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c=(1/3N, +Nb26+Nb28+3Nb30)zni:”gup2 (24)

- (Ns + Nb3 + Npg + Np7 + 7Npg + 2Npg + 6Np1o + 3Npus )
3 +Np16 + Nioa + Npos + 3Npos + 7Npog + 2Nps1 + Niso

x Z ni= nglzog (25)

Cs=
* (+2Nb23 + 2Np24 + Npos 4 Npzz + Npag + 2Np3o + 5Nzt + Npss

the increase of CaO, CaF, and Al,O3 in slag system. In other
words, the increase of CaO, CaF, and Al,O; in slag will reduce
the Al content. It can be deduced that their ability to weaken
the loss of Al content is in the following order Al,0; >-
Ca0 > CaF,. It is obvious that the 1g(a$, , /a3, eafpead, ) is
almost unchanged when the MgO content increases, which

N4 + Np1 + Ny2 + Nps + Nys + 2Np11 + Npaz + 2Np2o + 2Npo1 + 2Np22 ) Zn" :”gioz (26)

Ns + Np1z + 2Np14 + 3Np1s + Npis + Np1z + 2Npig + Np1g + Npgg + N
5 b13 b14 b5 b16 b17 b18 b19 b29 b34 > Z n = ”%oz (27)

Cc =
> <+Nb35+2Nb35

o 0.5Ng + Np2 + Npg + 2Npg + Np17 + Np1g + 2Np1g + Npo1 + Npaz
6 +Np23 + Npaz + 2Np31

0
x Zn‘ =Mvgo

(28)

€7 = (0.5N7 + N3z +2Np33 + 2Np34 + Npzs + Nise) Z n=ngo (29)

3. Experimental procedures

In this experiment, the GH4065A alloy and Al,0;—TiO,.
—Ca0—MgO—CaF,—Si0,—FeO seven-element slag system are
used in the ESR process, respectively. The electrical system of
AC mode is carried out with transformer output power 270
kVA, voltage 40.5 V and current 2100 A. The slag samples are
proportionally prepared and mixed. Then the prepared slag
samples are put into the electric slag furnace, then heated at
about 1600 °C for about 5—10 min, finally, cooled at the room
temperature. Argon was blown into the furnace. Slag sample
was taken from the molten slag after melted for 40 min. In
order to investigate the relationship between the titanium and
aluminium in ingot, three sets of experiments were done
under the same conditions, the experiments are named casel,
case2, case3. The Al and Ti in the head and tail of ingot were
analyzed, respectively. The chemical composition of slag
samples were analysed by the X-ray fluorescence (XRF) tech-
nique. The XRF technique were used to analyse the dynamic
changes in the content of Al, Ti and other components in slag.

4, Results and discussion

4.1. Effect of slag system composition and temperature
on Al elememt

The variation of lg(af\1203 /a%oZ.ageO.agioz) with CaO, CaF,,
Al,O3 and MgO content at different temperature are shown in

Fig. 1. It can be found the lg(a3, ., /a3 3

30, Sio,) Tises with

6
earp. %

means that the content of MgO in slag has little effect on the
decrease of Al content.

The variation of 1g(a}, o, /330, *aFe0®230,) With SiOy, TiO,,
and FeO at different temperature are demonstrated in Fig. 2. It
shows that when the content of SiO,, TiO, and FeO increases,
the 1g(a3) o, /330, *3P.0%3;0,) decreases. Hence, the increase
of SiO,, TiO, and FeO content in slag will cause the decrease of
Al content. From the picture, it can be seen that their ability to
enhance the loss of Al content is in the following order
Si0, > FeO > TiO,.

The mass action concentration of each element in slag
system after the reaction can be calculated by matlab, and
then the content of Al elements can be obtained by Egs.
(11)—(17) at different temperature when the slag ratio is
different, as shown in Figs. 3 and 4.

It shows the variation of the Al content with CaO contentin
the slag after the slag-metal interface in an equilibrium state
in Fig. 3(a). With the increase of CaO content, the Al content in
superalloy also increases. When the CaO content is higher
than 15 w%, the Al content in superalloy can be bigger than
2.13 w% when the ESR reaction reaches equilibrium at 1973 K.
The CaO can effectively increase the alkalinity of the slag
system. Hence, the Al element will not be lost when the CaO
content is lower than 15 w%.

Fig. 3(b) represents the variation of Al content with CaF,
content in slag after it reaches equilibrium, the content of Al
in superalloy increases with the increase of CaF, content.
Because CaF, not only effectively lowers the viscosity and
melting point of remelted slag, but also greatly improves the
fluidity of remelted slag system. When the CaF, content is
greater than 50 w%, the Al content in superalloy can be higher
than 2.13 w% when equilibrium at 1973 K. When the CaF,
content is smaller than 50 w%, the Al element in superalloy
can be kept at a lower level compared with the other cases.

Fig. 3(c) shows that the variation of Al content with Al,O3
contentin slag after the slag-metal interface in an equilibrium
state. The Al content tends to influence the melting temper-
ature and viscosity of slag system and also effectively reduce
the electrical conductivity of slag system. When the Al,O5
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contentis greater than 18 w%, the Al content in superalloy can
be bigger than 2.13 w% when the ESR reaction reaches equi-
librium at 1973 K.

From Fig. 3(d), it depicts that the change of Al content with
SiO, content in slag when equilibrium. Because it effectively
reduces the electrical conductivity and melting temperature
of liquid slag system. When the content of SiO, is lower than
0.5 w%, the content of Al in superalloy when equilibrium can
be less than 2.13 w%.

The change of Al content with TiO, content in slag after
equilibrium is given in Fig. 4(a). The TiO, reacts with the Alin
superalloy and then will be oxidized. While the content of
TiO, is less than 1.6 w%, the Al content in superalloy can be
higher than 2.13 w% when equilibrium at 1973 K. While the
content of TiO, is bigger than 1.6 w%, the decrease of Al
content in superalloy can be reduced. Fig. 4(b) describes the
change of Al content with MgO content in slag after equi-
librium. A thin semi-condensable film at the air-slag inter-
face could be formed by MgO to prevent oxygen caused by
slag. In other words, the MgO has little influence on the
decrease of Al content. Hence, it is not necessary to pay
attention to MgO when considering the decrease of Al con-
tent. The change of Al content with FeO content in the slag
after equilibrium is shown in Fig. 4(c). As mentioned in
Ref. [20], An increase of FeO content promotes the reaction of
Eqg. (13) to theright, as the FeO contentrises, the amount of Al
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Fig. 5 — Variation of 1g(a$
(d) FeO.

decreases. With the increase of FeO content, the Al content
drops. When the FeO content is lower than 0.12 w%, the Al
content in superalloy can be higher than 2.13 w% when
equilibrium. When the FeO content is less than 0.12 w%, it
can be deduced that the Al content in superalloy will not de
decreased.

4.2. Effect of slag system composition and temperature
on Ti element

The variation of 1g(a§) o, /a3, *afe0®adip,) With CaO, Al,0s,
SiO,, and FeO content at different temperature are shown in
Fig. 5. It could be seen that if the content of CaO or Al,03
increases, the 1g(a}) o, /a3, *3f.0*a3;0,) decreases. However,
when the content of CaO and Al,03 go up to a certain extent,
thelg(a}) o, /2%, #2003, ) begins to level off and then rise.
The reason is that an additional 1 w% TiO, into the slag
system has a significant effect on the equilibrium of chemi-
cal reaction with the change of CaO and Al,0; content. The
addition of TiO, will drive the direction of reaction with
Egs. (1), (3), and (5) toward the left and reduce the derease of
Ti content. If the content of SiO, and Al,O3 increases, the
1g(a3},0, /3%i0,%3e0®@3i0,) always drops. It can be deduced
that the ability to enhance the loss of Ti content is in the
following order FeO > SiO, > Al,03 > CaO.
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The variation of 1g(a§, ,, /a3, eaf.pead, ) with CaFy, TiO,,
and MgO content at different temperature are demonstrated
in Fig. 6. It can be found that the 1g(a§, ;. /a3, *afe0®ado,)
rises with the increase of CaF,, TiO,, and MgO content in the
slag system. The increase of CaF,, TiO,, and MgO content in
slag can reduce Ti content. It can be seen that the ability to
weaken the loss of Ti content is in the following order
TiO, > CaF, > MgO.

As discussed above, the mass action concentration of
composition content of slag can be calculated using Matlab
software. When the slag composition varies, the content of Ti
element versus temperature could be obtained from Eq. (10).
The variation of Ti content with CaO content in slag at
different temperature is depicted in Fig. 7(a). It could be found
that if the CaO content increases, the Ti element in superalloy
firstly decreases and then increases. As shown in Table 5, it is
proposed that the CaO in slag will form the complex mole-
cules with TiO,, MgO, and SiO, in slag. Hence, the activity of
TiO, will be weakened, when the CaO content increases.
Meanwhile, the content of TiO, will increase, and the loss of Ti
content will decrease. When the CaO content is equal to 16 w
%, the chemical reaction is in equilibrium, and the Ti element
content in superalloy is close to 3.73 w%. The content of the Ti
element cannot be lost if the CaO content is lower than 16 w%.
Due to an extra 1%wt TiO,, the chemical reaction will be
balanced when the CaO content equals 20 w%. Next, the

reaction will process in the opposite direction. The Ti content
will increase again.

Fig. 7 (b) depicts the variation of Ti content with CaF,
content in slag. The CaF, in slag will form the complex mol-
ecules with Al,03 and CaO in slag is shown in Table 5. Hence,
the activity of Al,03 will be decreased. According to Eq. (1),
when the CaF, content increases, the content of Ti element
rises. When the content of CaF, is greater than 58 w%, the
content of Ti element in the superalloy at the reaction tem-
perature of 1973 K can be larger than 3.73 w%. Hence, when
the content of CaF, is larger than 58 w%, it could be prohibited
from the loss of Ti content in superalloy.

The change of Ti content with Al,O; content in slag is
demonstrated in Fig. 7(c). The trend of the curve changes from
downward to upward. With the increase of Al,O3 content, the
Ti element in superalloy decreases first. The Al,O3 in slag and
Ti in superalloy will react and give the Al and TiO, in the slag/
metal interface. With the increase of Al,05 content, the loss of
Ti in superalloy improves. The Ti content drops with
increasing temperature since the reaction temperature will
enhance the loss of Ti content. When the Al,O3; content
changes to 15 w%, the chemical reaction is in equilibrium. The
content of TiO, will be the maximum. Later, the chemical
reaction will proceed oppositely, and the Ti content will in-
crease again. When the content of Al,O3 is lower than 5 w%
and higher than 24 w%, the content of Tiin superalloy is bigger
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than 3.73 w%. Compared to the original composition of Al,05
content, the decrease of Ti content can be reduced when the
content of Al,O3; is higher than 24 w%.The variation of Ti
content with SiO, content in slagis given in Fig. 7(d). When the
Si0, content increases, the loss of Ti content will decrease.
When the content of SiO, is less than 0.5 w%, the content of Ti
in superalloy can be much higher than 3.73 w%. In this case, it
will not cause the decrease of Ti content in superalloy.

Fig. 8 describes the variation of Ti content with TiO,, MgO
and FeO content in slag. It could be seen that the Ti content in
superalloy increases with the increase of TiO, content in
Fig. 8(a). When the content of TiO, in slag is higher, the
chemical reaction between the Ti element in superalloy and
the unstable oxide in the slag was forced. Hence, the decrease
of Ti content is reduced in superalloy. When the content of
TiO, is higher than 1.2 w%, the Ti element content in super-
alloy can be larger than 3.73 w%. The Ti content decreases in
superalloy can be effectively prevented when the content of
TiO, is higher than 1.2 w%. The change of Ti content with MgO
content in slag is described in Fig. 8(b). The Ti content in su-
peralloy increases with the increase of MgO content. The MgO
will enhance the activity of Ti;Os in slag and lessen the ac-
tivity of TiO, in slag. Moreover, the Ti;Os in slag will be
decomposed into the TiO, in slag and Ti in superalloy [33].
When the content of MgO increases, the decomposition of

—— Simulation
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Ti30s in slag will be accelerated, and the Ti content in super-
alloy will increase. When the content of MgO is greater than 4
w%, the Ti content in superalloy at the reaction equilibrium
can be greater than 3.73 w%. Hence, when the content of MgO
is higher than 4 w %, the Ti element in superalloy can not be
lost. The variation of Ti content with FeO content in slag is
represented in Fig. 8(c). The Ti content decreases continuously
with the increase of FeO content. It has been pointed out that
the activity of TiO, decreases significantly with the increasing
FeO content in Ref. [30], this is because TiO, can be reacted
with FeO in the slag to form complex compounds, the for-
mation of complex titanium-containing compounds reduces
the effective concentration of TiO, in the slag. It has the same
trend with our case. When the content of FeO is lower than 0.1
w%, the Ti content in superalloy can be higher than 3.13 w%.
When the content of FeO is smaller than 0.1 w%, it will not
cause a decrease of Ti content in superalloy.

4.3. Validation of thermodynamic model

In order to further verify the agreement of thermodynamic
model and experimental results, Eq. (2) could be changed to
Eq. (30), the relationship between 1g(X3;o, /X2y,0,) and Ig ([Ti]*/
[Al]*) can be obtained from the experimental results of the
slag-metal equilibrium and the model-calculated action con-
centrations of the slag system components. As shown in Fig. 9,
the experimental results are in good agreement with the
model calculation.

W3~ 3 IT4 3 3,

gomr = 35300 g4 1gfnlT g Yro, (30)
WA1203 T Al [Al] Y ALO;

v;=Ni/W;

where Wrip, and Wyy,o, expresses the mole fraction of TiO,
and Al,Os in slag, respectively; yrio, and vyaj,o, denotes the
activities coefficients of TiO, and Al,O; in slag, respectively.

The contents of Ti and Al at the head and tail in each
sample are obtained, and the results of the three sets of ex-
periments are shown in Fig. 10. The experimental value of the
average elemental content of Al and Ti at the head and tail of
the ingot are in close agreement with the simulated values,
indicating that the established thermodynamic model is
reasonable.

3.75 E Simulation (b)
370 [ Experiment-casel 7
' [ Experiment-case2
365 Experiment-case3
360 F 36
3.55 -
~
S350 -
345 -
3.40 34
3.35
3.30 -
3.25 -
3.20

Simulation  Exp casel  Exp case2 Exp

Fig. 10 — Al and Ti content in electroslag ingots with experiment and simulation results.
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5. Conclusions

A thermodynamic model based on IMCT is established to
predict the Ti and Al content in the SiO,—Al,03—FeO—TiO,.
—Ca0—MgO—CaF, slag system in the ESR process of GH4065A
superalloy. The effect of slag composition on Ti and Al content
have been discussed in detail.

(1) Increasing the content of CaF, in slag or temperature
has a positive effect on reducing the reduction of Al and
Tiin the process of electroslag remelting GH4065A alloy;
while increasing the content of SiO, and FeO in the slag
will both increase the loss of Al and Ti elements; while
increasing the content of Al,03; and CaO will cause an
increase in Al content and a decrease in Ti content of;
the effect of MgO on Al is not obvious.

(2) The order of the ability of each element in the slag
system to weaken the loss of Al content is in the
following order Al,0; > CaO > CaF,, enhance the loss of
Al contentis SiO, > FeO > TiO,, CaF, > MgO and enhance
the loss of Ti content is FeO > SiO, > Al,03 > CaO.

(3) Considering the influence of the slag system on the el-
ements Al and Ti, the optimal ratio of the slag system is
Ca0 = 15 w%~20 w%, CaF, > 60 w%, Al,03 = 18 W%~25 w
%, 510, < 0.5 W%, Ti0, = 1 w% + (0.2 W% ~ 0.6 W%), MgO >
4 w%, FeO < 0.1 w%.
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