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The mechanisms of reaction between MgO-based refractories and liquid steel are consid-
ered. Conditions are analyzed the formation of a spinel layer at the interface between
liquid steel and refractory, the dissolution of refractory materials in liquid steel.
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PaCCManI/IBaIOTCH MEeXaHU3MBI PEaKIIUN MEAYy OTHeyIIopaMHn Ha OCHOBe MgO " }I{I/II(KOﬁ
CTaJbIO. AHaJII/IBI/IpyIOTCﬂ yCiIoBUA q)OpMI/IpoBaHI/Iﬂ HOITVWHEJBHOT'O CJIOdA Ha T'PaHUIEe pa3sjesia
MEX Ay )KI/IHROIU/I CTaJIbI0O W OTHEYIIOPOM, HCCJeAyeTCd PacCTBOpEeHNE OIHEYIIOPHLIX MaTepHuaJjioB

B JKUIKOM cTasiu.

Bszaemonia piguaHOi crami 3 BormerpuBavm Ha ocHoBi MgO: Orusp. Abdulaziz Alhussein,

Lifeng Zhang, Alberto N.Conejo.

Posraspgaorbes Mexanismu peaknii misx Boruerpusamu Ha ocHoBi MgO i pigxoro cramio.
Amnanisyroreca ymMoBu (POPMYBaHHSA IINIiHEJIBHOIO IIapy Ha MeXi posminy Mix pigkoro crai-
JII0 i BOrHETPUBOM, PO3SYMHEHHS BOIHETPHBKHUX MaTepiaaiB y pigkiii craui.

1. Introduction

Refractories interact with liquid slag and
liquid steel simultaneously and important
chemical reactions between those three
phases occur [1]. The physical and chemical
properties of refractories have an important
role in their interaction with slag and steel.
Many works have been conducted to under-
stand the dissolution of refractories in liq-
uid slag [2—-6], but few works on the inter-
action between refractory and liquid steel
[7, 8]. This situation originates because the
chemical attack of liquid slag on refracto-
ries can be very intense, depending on the
chemical composition of both phases. The
chemical attack of liquid steel on the refrac-
tory is less intense, however, exists and is a
potential source for the formation of non-
metallic inclusions, both endogenocus and
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exogenous. Many kinds of refractory mate-
rials have been employed in the continuous
casting of steels, such as ladle shrouds, tun-
dish lining, coating refractories, insulating
board, nozzle stopper, sliding nozzle, sub-
merged entry nozzle (SEN), etc. These re-
fractories have a large influence on the
casting operation and steel quality. Thus,
the choice of high-grade refractories should
be taken into account [9].

Exogenous inclusions introduced in liquid
steel from the dissolution of the refractory
may result in loss of the fatigue strength and
the destruction of parts operating at elevated
loads, since such inclusions may be 5—
200 times larger than endogenous inclusions
of oxides (reduction produets) and sulfides.
However, the quantity of macroinclusions in
metal on chill casting is so small that they
may be detected only by ultrasonic monitor-
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ing. The smallest exogenous inclusions,
similar in size to large endogenous inclu-
sions, are relatively scarce in metals [10].
Inclusions in steel such as MgO-Al,O3 spinel
are very harmful to the metal forming op-
erations and the quality of steel products
[11]. It was reported that complex inclusions
such as MgO—A|203, CaO—MgO—A|203, and
Ca0-MgO-Al,03;-Si0O, were observed in the
steel when liquid steel contacted with the
magnesia-based refractories [12].

The objective of this work is to study the
interaction between magnesia-based refrac-
tories and liquid steel, explaining the reac-
tion mechanisms that lead to the formation
of MgQ-Al,O5 spinel.

2. Reaction between MgO-based
refractories and liquid steel

2.1. MgO refraciory

MgO-based refractories are the most com-
mon type of refractory material in steel-
making operations. Harada et al. [13] stud-
ied the reactions between liquid steel deoxi-
dized by Al and MgO refractory with and
without slag additions. It was confirmed
that the spinel layer was formed at the
steel/MgO refractory interface, and the
thickness of the interface layer increased
with time. The thickness of the interface
layer between liquid steel and the MgO cru-
cible was much smaller than that between
liquid steel and the M@O refractory. The
formation of MgO-Al,O5 spinel can occur by
reactions between the refractory and the
slag, and also between liquid steel and the
MgO refractory. In aluminum-containing
steels, the first step is the reduction of MgO
by aluminum dissolved in liquid steel, form-
ing alumina and magnesium, as given in
reaction (1). This reaction describes a de-
crease of dissolved aluminum and an in-
crease of magnesium in the liquid steel,
where [ ] is dissolved element in liquid
steel:

3MgOg, + 2[Al] = ALO3, + 3Mgl. (1)

The formation of MgQO-Al,O5 spinel can be
done by different mechanisms, involving
magnesium, aluminum and oxygen dissolved
in liquid steel. The first mechanism in-
volves MgO dissolution, as follows:

[Mg] + [O] + AI203(S) =MgO- AI203(5)’ (2)
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[Mg] + 2[Al+ 4[O] = MgO - Al,O35), 4)

The change in standard free energies for
reactions (2) through (4) is expressed as fol-
lows:

AGY =-110677.14 — 93.52T(J /mol), (5)
AG$ = -888097.86 — 210.93T(J /mo)), (6)

AG§ = -978094.84 — 128.98T(J/mol. (7)

The standard free energy change for re-
action (3) is more negative than those for
reactions (2) and (4), indicating that the
formation of spinel at the steel/refractory
interface by reaction (3) is more favorable
than reactions (2) and (4) [183—-15]. Once the
Mg dissolves into the liquid steel, it can
react with alumina inclusions, producing
spherical spinel inclusions, as given in Egs.
(8) and (9). These reactions take place in the
liquid steel regardless the Mg comes from
refractory or slag and namely metal-inclu-
sion reaction. The Mg diffusion in the inclu-
sion layer is rate-controlling step [16-18].

4A105 + 3[Mg] = 3MgO - AlO5q) + 2[Al] (8)

AlOs, + [Mg] + [O] = MgO - AlL,O35). (9)

The mechanism for the reduction of MgO
by Al was reported by Yang et al. [19], indi-
cating the reaction takes place in two
stages. In the first stage, MgO is reduced to
form MgO-Al,O; spinel and magnesium
vapor:

4MgOg) + 2[All = MgO - Al,O3) + 3Mg(g). (10)

In the second stage, the MgO-Al,O3 spinel
is further reduced by Al to produce alumina
and magnesium vapor:

3[MgO] - ALOsq + 2[All = (11)

Many studies [20, 21] have reported that
MgO refractory has an obvious effect on the
generation of spinel inclusions in Al-killed steel
even with a small concentration of dissolved
Mg in liquid steel. According to [22, 23] the
(Mn,Mg)O-Al,O5 inclusions formed in me-
dium-manganese steel after the formation
of MgO-Al,O3 inclusions at the middle stage
of ladle furnace (LF) refining. The (Mn,
Mg)O-Al,O5 layer was a source of (Mn,
Mg)O-Al,O5 inclusions in the liquid steel.
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Fig. 1. Theoretical diagram of the reaction between MgO-C refractory and liquid steel.

The reduction of MgO and MgO-Al,O3 refrac-
tories by Mn and the standard free energy for
each reaction are given in Eqs. (12) through
(15), denoting that the standard free energy
for MgO-Al,O34) + [Mn] reaction is more
negative than that for MgO(S) + [Mn] reac-
tion:

MgO, + [Mn]= MnO, + [Mg], 12)
AGS5 =-198125 — 210.24T(J /mol), (13)

[MgO] - Al,O3) + [Mn] = (14)
= MnO - AI203(S) + [Mg].

AGY, = -285312 — 231.58T/mol).  (15)

Deng et al. [18] investigated the effect of
Al,O5, MgO, MgO-Al,O5 refractories on the
formation of inclusions in the secondary
steelmaking. Only MgO formed MgO-Al,O4
spinel, but depending on the oxygen activity
in steel. They investigated two cases with
low and high oxygen activity, 1 and
500 ppm O, respectively. MgO-Al,O; spinel
formed only when the activity of oxygen
was low. The reduction of MgO into Mg and
O requires reducing conditions, then the

spinel can be formed combining reaction
(16) with reaction (1), (3) and (7):

[Mg] + [O] = MgO). (16)

If the oxygen potential is high, then the
activity of Mg is extremely low and alumina
cannot be transformed into MgO-Al,O4
spinel. It was reported that the Mg for
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spinel generation mainly came from the re-
action between steel and slag rather than
from the reaction between steel and refrac-
tory based on industrial scale investigations.
Spinel inclusions can be modified to liquid
inclusions by a calcium treatment [24].

2.2. MgO-C refractory

Carbon in MgO-C refractories is critical
to improve refractory life. Carbon decreases
wetting between the liquid slag and the re-
fractory, however, it can dissolve in the lig-
uid steel and affect the final chemical com-
position of the steel. The investigation of
carbon pickup of steel from refractories
containing carbon is of great commercial
significance, in particular for Ultra-low
carbon (ULC) steel [25]. The mechanism of
the reaction between MgO-C refractory ma-
terial and aluminium deoxidized liquid steel
has been extensively investigated. The
mechanism of the reaction between MgO-C
refractory and steel takes place in four
steps [8, 26-31]:

Step 1: An internal reaction between the
MgO and C is occurred to generate magne-
sium vapor and CO gas:

MO + Cs) = Mg + COq 47,

This reaction is driven by the difference
of partial pressure of gases from the equi-
librium partial pressure; the equilibrium
partial pressures depend on the total pres-
sure and the refractory composition.

Step 2: Mg(g) diffuses towards the refrac-
tory/liquid steel interface where it encoun-
ters a higher oxygen potential and is oxi-

Functional materials, 26, 2, 2019
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Fig. 2. Effect of temperature on equilibrium
partial pressure of SiO, Mg and Al,O4 [8].

dized to MgO, forming an MgO dense layer,
Eq. (18):

Step 3: Simultaneously, the CO(g) dif-
fuses to the refractory/liquid steel interface
where it is dissolved in the liquid steel ac-
cording to the following reaction:

The dissolution of CO/, into the liquid
steel according with will enhance the disso-
lution of MgO according with Eq. (17).

Step 4: Dissolved Al, Mg and O react,
forming Al,O5 and MgO or mixtures of them
as given in Egs. (4), (16) and (20):

2[Al] + 3[0] = AlOgq). (20)

The mechanism of the reaction between
the MgO-C refractory and liquid steel is
illustrated in Fig. 1.

In addition to the reaction between carb-
on and MgO, carbon can react with other
oxides in the refractory such as SiO,, Al,O4
and CaO, producing gases such as SiO, Al,O
and Ca at the interface:

Based on thermodynamics, the occur-
rence of reactions (21) to (23) depends on
the partial pressure of Mg, SiO, AlL,O and
Ca, as shown in Fig. 2. The Mg and SiO
gases are the most readily formed. How-
ever, it was found that the equilibrium par-
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Fig. 3. Change in the content of C in 0.1
Al-killed steel as a function of rotation speed
and time 1600°C [28].

tial pressures increase in the order P,;,0 <
Pcy < Py < Pgjo and that the Mg and SiO
gases are the most readily formed thermo-
dynamically [8].

The effect of MgO-C refractory on the
formation kinetics of MgQO-Al,O5 spinel in
the extra-low oxygen steel was investigated
on a laboratory scale by inserting a MgO-C
refractory rod into the Al-killed liquid steel.
The results showed that the Al,O5 inclusions
gradually transformed into MgO-Al,O4
spinel by increasing the reaction time and
the final MgO inclusion was in equilibrium
with the MgO—C refractory [32]. It was con-
firmed that the dissolution rate increased
with increasing steel temperature, rotation
speed and immersion time. The decrease in
the aluminium content in steel was due to
the reaction of Al in the melt with C and
MgO in the refractory at the interface. The
overall reaction is expressed by Eq. (24):

The effect of the rotation speed on the
dissolution of MgO-C refractory to liquid
steel is shown in Fig. 3 [28]. Liu et al. [33]
investigated the dissolution behavior of Mg
from M@O-C refractory in Al-killed liquid
steel. They concluded that both Al and C can
reduce MgO from the MgO-C refractory, re-
sulting in an increase in Mg content in the
liquid steel. However, the effect of C on the
reduction of MgO was negligible when C
content in MgO-C was less than 10 %, and
the reduction of MgO occurred only by Al.

Cirilli et al. [7] and Kwon et al. [34]
reported that the reduction of refractory
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Fig. 4. Effect of surface roughness of MgO on
size distribution of inclusion particles [35].

oxides by carbon in the refractory led to
change in the rate of C dissolution when the
refractory contacted with the steel at a high
temperature. Lee et al. [35] investigated the
effect of surface roughness of MgO sub-
strate on the size distribution of inclusions.
It was found that the surface roughness of
refractory activated the interfacial reac-
tions between the liquid steel and the MgO
substrate, increasing the number of inclu-
sions and reducing the diameter of parti-
cles, as shown in Fig. 4. Thus, the use of
lower roughness of refractories should be
considered to improve steel cleanliness.

2.8. MgO-S8iOy refractory

Steel reoxidation in the tundish reactor
occurs in three ways: 1) infiltration of air
into the liquid steel, which could be pre-
vented by using a tundish cover powder and
tundish slag; 2) interactions between the
liquid steel and the slag; 3) interactions be-
tween the liquid steel and refractories [36].

Refractory provides oxygen:

- Air trapped in the pores

- Presence of easily
reducible components
(FeO, MnO, etc)

The existence of SiO, in tundish refractory
causes strong reactions with deoxidizing
elements in the liquid steel, resulting in the
detaching of large particles from the
steel /refractory interface to the molten lig-
uid. The detached particles would react with
deoxidizing elements leading to change in
their composition in steel [37]. An example
of the strong reaction produced by the reac-
tion between the liquid steel and the tun-
dish refractory is shown in Fig. 5. A layer
of MgO-Al,O3 spinel at the steel/tundish re-
fractory was formed due to the transforma-
tion of the 2MgO-SiO, phase in the tundish
refractory materials by the Al, as expressed
in Eq. (25):

3(2MgO - SiOz)(s) + 4[Al] = (25)
= 2MgO - AI203(S) + 2MgO(S) + 3[Si].

The composition of the interface layer
and its physical state change based on the
initial chemical composition of refractories.
Reaction (25) does not affect the steel clean-
liness due to a substitution of SiO, by Al,O4
in the refractory, however, the separation
of spinel particles or layers from the inter-
face can influence negatively the steel
cleanliness [38—41].

Li et al. [42] studied the effect of MgO
based castables containing 0-7 % mi-
crosilica on oxygen content of IF (intersti-
tial free) steel. They concluded, as the con-
tent of microsilica in based castables in-
creased from 0 to 3 %, the total oxygen in
IF steel increased, due to the dissolution of
MgO and SiO, in liquid steel. When the
content of microsilica in MgO based cas-
tables increased from 3 to 7 %, the total

“.. - Steul oxidized layer

| o 5B o~
. Y -
%“ ~

-

Steel

304m

Fig. 5. SEM image of the steel/refractory interface indicating steel oxidized layer [38].
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Fig. 6. Content of picked up oxygen (caught
by aluminum) in steel as a function of the
FeO content in the tundish refractory [43].

oxygen in IF steel decreased. This was due
to the formation of a viscous liquid layer
between the liquid steel and the refractory.
The liquid layer prevented direct dissolution
of the oxygen and metal atoms in the liquid
steel. Once the liquid layer formed, the
transport of the oxygen from the refractory
to the liquid steel was occurred by an inter-
face reaction between the liquid layer and
the refractory, and then a further interface
reaction between the liquid layer and the
liquid steel.

Lehmann et al. [43] confirmed that the
liquid steel reoxidation by the tundish re-
fractory materials increased with decreasing
the content of MgO in the tundish refrac-
tory. This was because of the increase in the
content of FeO and SiO, in the refractory.
The oxygen pick up by the liquid steel in-
creased with increasing the content of FeO
and SiO, in the refractory. The relationship
between the content of picked up oxygen in
steel and the FeO in refractory is illus-
trated in Fig. 6. It was recommended that

(2 |
) 3 MgO
» I 3

> i - B b

-4
P
» A 50pm -
7 -

the content of the MgO in tundish refrac-
tory should be higher than 75 % to mini-
mize the liquid steel reoxidation by the tun-
dish working refractory. In addition, it was
shown that the water content is an impor-
tant aspect. Refractories fired at 1200°C be-
fore put in contact with liquid metal pro-
vide less reoxidation than refractories sim-
ply dried at 180°C.

Muxing et al. [44] and Yan et al. [45]
studied the interaction between the steel
and distinet gunning materials in the tun-
dish. They reported there were three phe-
nomena: (1) the liquid steel was infiltrated
into the gunning material; (2) the refrac-
tory was eroded and large inclusions with
similar composition as gunning material
were found in the steel close to the steel/re-
fractory interface; (3) the steel was reoxi-
dized and a FeO, layer with a thickness of
5—30 um was formed at the steel/refractory
interface. The formation of the FeO, layer
was due to the large difference of oxygen
potential between the refractory and the
steel. Because of the low oxygen potential in
the furnace atmosphere (around 10716 atm)
and the dissolved Al and Ti, the liquid steel
had a low content of dissolved oxygen. The
refractory could be considered as a potential
oxygen provider.

2.4. MgO-SiC refractory

It has been reported that MgO-SiC and
Al,O3-SiC, used in slag line, cause carbon
pick up by the liquid steel [25, 46]. Interac-
tions between the MgO-SiC refractory and
the liquid steel were investigated by electron
probe microanalysis (EPMA) with energy dis-
persive spectrometer (EDS). Fig. 7 represents
the influence of the interactions on the
MgO-SiC refractory and Table lists the
chemical composition of selected areas in

Fig. 7. EDM analysis on the hot face of Mg-SiC refractory [47].

Functional materials, 26, 2, 2019
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Fig. 7. It could be seen from Fig. 7(a) that
the FeSi is formed in the hot face of refrac-
tory. Fe is supplied from the IF steel and
silicon from the refractory because the sili-
con content in the FeSi was much higher
than that in the IF steel specimen, indicat-
ing that Si from the SiC dissolved into the
liguid steel. Several oxides consisted of
MgO, Ca0, Al,O3, and SiO, could be seen in
this area, which might be liquid mixtures at
high temperature. The SiC in the refractory
was oxidized to SiO, during the heating
process. The generated SiO,, which formed
a layer around SiC particles, protected the
inner SiC particle from oxidation. The
chemical reactions of the dissolution of SiC
in MgO-SiC refractory into the liquid steel
are given as follows:

28i0 5, = [SI0] + [O], @70

8Si0 g, + 4[Al] = 2AL, 05, + 3[Si].  (28)

The change in standard free energies for
the reactions (26) through (28) is expressed
in Egs. (29) through (31), respectively:

AGYg = —630900 + 49.78T(J /mol), (29)

AG%, = -580550 — 220.66T(J /mol), (30)

AGYg = -720680 + 133T(J/mol).  (31)

The change in standard free energy for
reaction (28) is much lower than that for
reaction (27), so the Si pick-up from the
refractory surface proceeds according to Eq.
(28). Then, the inner SiC would dissolve
into the liquid steel immediately after the
SiO, film was broken, allowing the exposure
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Table. Chemical composition of selected
area A, B and C in Fig. 7 [47]

Point |Fe, % | Si, % |Mg, %|Al, % |Ca, % |0, %
A [93.42| 6.58 - - - -
B - 4.62 |16.89| 5.73 |23.62|62.09
C - 129.12|22.59| - 9.60 |38.69

of inner SiC particle to the liquid steel [47].

3. Kinetics of the dissolution of
magnesia-based refractory into
the liquid steel

The magnesium mass transfer from the
MgO refractory into the liquid steel can be
represented by a first order kinetics:

where JIng is the molar flux of Mg
(mol/m2s), k is the mass transfer coeffi-
cient of Mg (m/s), and C*Mg and CMg are the
molar concentration of Mg in liquid metal at
the interface and bulk (mol/m3), respec-
tively. Eq. (33) is obtained after rewriting
and integration of Eq. (32):

w 111[%|V|g];:< - [%Mg]0 — BT
Ap,,

[7%MgJ* - [% Mg]
where [%Mg]*, [%Mg]°® and [% Mg] are the
mass concentrations of Mg at the interface
and in the bulk at time 0 and ¢, respectively
(%), t is time (s), A is the interface area be-
tween the liquid steel and the MgO refractory
(m2- P, is the density of liquid steel (kg/m3)
and W is the weight of liquid steel (kg). The
mass transfer can be estimated based on the
relationship between the left-side term of Eq.

(32)

(33)

b

Functional materials, 26, 2, 2019
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(33) and ¢, as shown in Fig. 8a, according to
Harada et al. [13] results. Meanwhile, It
was found that the mass transfer of Mg was
increased with increasing the rotation speed
as shown in Fig. 8b.

The degradation of refractory materials
can be caused by strong reactions between
liquid steel containing aluminium and MgO-
based refractory. In this case, the dissolu-
tion rate could be estimated to describe the
reaction between liquid metal and refrac-
tory using Eq. (34), where the term
kAp,, /W in Eq. (33) is the total dissolution
rate D (s7!) of silica in MgO-SiO, based
refractory material. Due to the deviations
in the Mg content in Fe-Al alloy, which re-
sulted by an inhomogeneous distribution of
separated layers and particles from the in-
terface to the liquid Fe-Al alloy, the disso-
lution rate was calculated for silica as
shown in Fig. 9. This figure shows two
rates. For the first rate, the variation in
the dissolution rate of the refractory was
due to a large increase in the interfacial
area in the first range of the reaction time
by degrading the refractory material as a
dominating factor. Later the increase in the
spinel layer thickness at the interface in-
creased the reaction resistance for silica re-
duction in the bulk and seemed to be a
dominating factor [41].

1 [%ST = [%S81° _
[%SiT* - [%Si]

Dt. (34)

Another way to estimate the mass trans-
fer coefficient of solid material into the lig-
uid metal is to rotate the solid sample in
the liquid metal. Then, the mass transfer
coefficient of metal could be calculated by
Eq. (35):

Functional materials, 26, 2, 2019

00p, (35)

(ro rt)psA[%M] = kAL,

where ry and r; are the radius of the refrac-
tory sample before and after the reaction
(m), respectively, p, and p, are the densities
of the refractory sample and the liquid
metal (kg/m3), respectively, A[%M] is the
concentration difference between the satura-
tion and the initial concentration of M in
liquid metal and %k is the mass transfer co-
efficient of M (m/s) [48]. The coupled reac-
tion model can be used to calculate reac-
tions between the liquid steel and the MgO
refractory [49, 50].

4. Conclusions

The interaction between liquid steel and
the refractory should always be taken into
account in order to improve the steel clean-
liness and the refractory life. This interac-
tion is responsible for the formation of
MgO-Al,O3 spinel inclusions in steel.

The mechanism of reactions between liq-
uid steel and the MgO-based refractory de-
pends on the chemical composition of steel
and refractory.

Carbon in the MgO-C refractory can en-
hance its dissolution rate. This phenomenon
can be avoided using high purity MgO re-
fractories.
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