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Abstract In the current study, laboratory experiments were performed to investigate 
the interfacial reaction between the molten steel and the MgO-C refractory, and the 
effect of lanthanum in the steel was studied. A dense MgO reaction layer with a 
50 µm thickness at the interface between the quiescent steel without lanthanum and 
the refractory was observed. Under stirring condition, the thickness of the MgO 
reaction layer was only 25 µm and the layer was non-continuous and broken at 
some places. For the interfacial interaction between the lanthanum-bearing steel 
and the MgO-C refractory, under quiescent condition, a double-layer structure was 
generated, with a MgO layer close to the refractory side and a La2O3 layer close to 
the steel side. Under stirring condition, a La2O3-La2O2S layer was generated and 
a few  LaAlO3 particles were embedded inside the MgO reaction layer. The stirring 
induced the dislodgement of MgO particles from the lining refractory into the molten 
steel. 
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Introduction 

During the steelmaking process, the refractory material is in direct contact with 
molten steel. The chemical corrosion and physical scouring of molten steel on the 
refractory material are inevitable, which significantly reduces the service life of 
the ladle lining. This limitation affects the steel quality and smelting safety [1]. It 
is well known that the addition of rare earth elements can modify the inclusions 
in steel and improve its mechanical properties [2–5]. However, due to their strong
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chemical activity, rare earth elements readily react with refractory materials during 
the steelmaking process. Yu et al. [6] investigated the interfacial reaction between 
rare earth steel and different kinds of refractory materials. It was found that there are 
great differences in the reaction mechanisms between various refractory materials 
and rare earth steel. SiO2 refractory can react with rare earth steel to form a glass 
phase with a low melting point, which can accelerate the corrosion of refractory 
materials. For the reaction between Al2O3 refractory and rare earth steel, a silicate 
phase with a high melting point was observed. This phase exhibits a weak adsorption 
force for the inclusions. However, the low melting point glass phase formed by 
the reaction between silica-aluminum refractory and molten steel exhibits stronger 
adsorption forces compared to the inclusion. Wang et al. [7, 8] reported that the 
rare earth element lanthanum in the steel first reacts with Si-Mn-Al-O inclusions 
and then reacts with the refractory material. Sun et al. [9] investigated the effect of 
cerium content on the interaction between stainless steel and Al2O3 refractory. The 
results indicate that during the initial reaction, the Al2O3 inclusion in the steel was 
reduced by dissolved cerium, forming Ce-Al-O composite inclusion. However, due 
to the reaction between the refractory materials and steel, the cerium content in the 
steel continuously decreases, and the Ce-Al-O composite inclusions are modified 
to aluminum-rich silicate inclusions. Zhang et al. [10] observed a rare earth oxide 
layer at the interface between cerium-bearing steel and Al2O3-MgO refractory. This 
reaction layer inhibits the diffusion of molten steel into the refractory and increases 
the contact angle. However, previous studies on the reaction between rare earth-
bearing steel and refractory materials have mostly focused on quiescent conditions, 
with few studies conducted under dynamic conditions. In the current study, author 
investigate the interfacial reaction between molten steel and the MgO-C refractory 
under rotational conditions. 

Laboratory Experiment and Analysis 

Commercial stainless steel with the composition shown in Table 1 was used as the 
base material in the experiment. MgO-C refractory rods (Ø 50 × H 150 mm) were cut 
from commercial MgO-C refractory bricks. The chemical compositions are shown 
in Table 2. The experimental conditions are shown in Table 3. For the dynamic 
experiment, the rotational speed was 120 rpm. For the lanthanum-bearing steel, the 
addition of lanthanum was 1000 ppm. 

The experimental setup and procedure are depicted in Figs. 1 and 2. A silicon 
molybdenum resistance furnace was used to investigate the dynamic interaction

Table 1 Chemical composition of steel (wt.%) 

Elemental C Mn Si Cr S T.Al Ti N Ca, Mg 

wt.% 0.021 1.08 0.547 11.66 0.0009 0.026 0.117 0.017 < 0.0005
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Table 2 Chemical composition of refractory (wt.%) 

Composition MgO C Al SiO2 CaO Fe2O3 Others 

wt.% 77.6 10 4.91 4.41 2.09 0.6 ≤ 0.39 

Table 3 Experimental condition 

Sample Lanthanum addition (ppm) Rotational speed (rpm) 

M0-0 0 0 

M0-120 0 120 

M1000-0 1000 0 

M1000-120 1000 120

between MgO-C refractory and molten steel. The experimental devices are shown 
in Fig. 1. 700 g of steel were placed into a crucible made of alumina castable. Argon 
was then pumped into the resistance furnace, heating the crucible containing steel to 
1600 °C. After the steel melted, it was kept at a temperature of 1600 °C for 5 min 
to ensure uniform composition. Lanthanum alloy was added to the liquid steel, and 
after 5 min, the MgO-C refractory rod was inserted into the liquid steel. The rod was 
rotated using an electrical machinery device, as shown in Figs. 1 and 2. 

The compositions of the refractory were determined using X-ray fluorescence 
(XRF) analysis. The steel-refractory boundary was cut to obtain a horizontal cross-
section and then polished. The boundary layer was investigated to analyze its 
morphology, composition, and thickness using scanning electron microscopy (SEM) 
with energy-dispersive X-ray spectrometry (EDS).

Fig. 1 Schematic of experimental setup
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Fig. 2 Schematic of procedure in the present study

Interfacial Reaction Between the Steel and the MgO-C 
Refractory 

Figure 3 displays the typical morphology and elemental diagrams of MgO-C refrac-
tories before and after the reaction of refractories with molten steel under quiescent 
conditions. A significant amount of CaO(-SiO2) impurities were observed at the 
boundary of MgO particles, as shown in Fig. 3a. However, after the reaction between 
the refractory and molten steel, the CaO(-SiO2) impurity disappears and creates 
voids, as shown in Fig. 3b. According to the report of Brabie’s [11], the reaction 
equation is presented as follows: 

CaO(s) + C(s) = Ca(g) + CO(g) (1) 

SiO2(s) + C(s) = SiO(g) + CO(g) (2)

At high temperatures, the Ca vapor and SiO vapor generated by reaction Eqs. (1) 
and (2), diffuse through the pores of MgO particles to reach the interface between 
the refractory materials and steel. 

The morphology and elemental mapping of the typical interface between the 
quiescent steel without lanthanum and the refractory are shown in Fig. 4. Figure 4b is  
an enlarged view of Square 1 in Fig. 4a. A dense MgO reaction layer with a thickness 
of 50 µm was observed at the interface between the steel and refractory. Some molten 
steel penetrated the refractory, and a dense layer was formed, separating the refractory 
from the molten steel. The penetration of molten steel into the MgO-C refractory was 
inhibited, as shown in Fig. 4a. The formation mechanism of the MgO layer has been 
widely recognized. It has been widely reported that the primary reaction occurring at 
high temperatures is the reduction of MgO by C within the refractory. The reaction 
equation is shown in Eq. (3). [12–14] Brabie and Liu et al. [11, 15–17] reported
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Fig. 3 Morphology and element mapping of the MgO-C refractory under quiescent conditions. 
a Before reaction; b after reaction

that at high temperatures, the magnesia-carbon refractory undergoes a reaction to 
produce magnesium vapor and CO, as shown in Eq. (3). The magnesium vapor can 
then diffuse towards the interface of the molten steel through the pores of the MgO-
C refractory, driven by the concentration gradient. At the interface, the magnesium 
vapor is oxidized to form MgO, which then condenses and creates a layer of MgO. 

MgO(s) + C(s) = Mg(g) + CO(g) (3)

Figure 5 shows the morphology and elemental mapping of the interface between 
the lanthanum-free steel and the refractory under stirring conditions. Figure. 5b, c 
were the enlarged views of Square 1 and Square 2, respectively, in Fig. 5a. A dense 
MgO reaction layer with a thickness of 25 µm was observed at the interface between 
the steel and refractory. However, the layer was found to be non-continuous and 
broken at certain locations, as shown in Fig. 5a, b. It can be seen that the molten steel 
penetrated into the refractory through the crack in the MgO layer, as shown in Fig. 5b, 
c. Under stirring conditions, the impact force of molten steel on the MgO reaction 
layer was greater than that under quiescent conditions, thereby causing cracks in 
the reaction layer. In addition, the stirring induced the MgO particles to become 
dislodged from the MgO-C refractory and enter the molten steel, as shown in Fig. 6. 
Figure. 6b is an enlarged view of Square 1 in Fig. 6a.

Figure 7 shows the morphology and elemental mapping of the interface between 
the lanthanum-bearing steel and the MgO-C refractory under quiescent conditions.



170 M. Zhao and L. Zhang

Fig. 4 Morphology and elemental mapping of the typical interface between the quiescent steel 
without lanthanum and the MgO-C refractory. b is an enlarged view of Square 1 in (a)

Fig. 5 Morphology and elemental mapping of the interface between the steel without lanthanum 
and the MgO-C refractory under stirring conditions. b is an enlarged view of Square 1 in (a); c is 
an enlarged view of Square 2 in (a)
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Fig. 6 Morphology and elemental mapping of the interface between the steel without lanthanum 
and the refractory under stirring conditions. b is an enlarged view of Square 1 in (a)

A double-layer structure was observed, with a MgO layer close to the refractory 
side and a La2O3 layer close to the steel side, as shown in Fig. 7a. The La2O3 layer 
was only 3–5 µm thick, but it was dense and continuous. The La2O3 layer forms 
as a result of the reaction between dissolved lanthanum in the steel and MgO at the 
interface between the molten steel and refractory. The reaction equation is presented 
as follows: 

2[La] + 3MgO(s) = La2O3(s) + 3
[
Mg

]
(4)

Figure 8 shows the morphology and elemental mapping of the interface between 
the lanthanum-bearing steel and the MgO-C refractory under stirring conditions. A 
MgO reaction layer was formed at the interface between the steel and refractory, as 
shown in Fig. 8a. Additionally, a layer containing La was detected outside of the 
MgO reaction layer. The La-containing reaction layer was primarily composed of 
La2O3 and La2O2S, as shown in Fig. 8b. The La2O2S layer forms as a result of the 
reaction between dissolved lanthanum and sulfur in the steel, as well as MgO at the 
interface between the molten steel and refractory. The reaction equation is presented 
as follows: 

[S] + 2[La] + 2MgO(s) = La2O2S(s) + 2
[
Mg

]
(5)

In addition, a few LaAlO3 particles were embedded within the MgO reaction 
layer, as shown in Fig. 9. Under stirring conditions, the MgO particles formed were 
drawn into the steel, as shown in Fig. 6a. Subsequently, the MgO particles in the
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Fig. 7 Morphology and elemental mapping of the interface between the lanthanum-bearing steel 
and the MgO-C refractory under quiescent conditions. b is an enlarged view of Square 1 in (a)

Fig. 8 Morphology and elemental mapping of the interface between the lanthanum-bearing steel 
and the MgO-C refractory under stirring conditions. b is an enlarged view of Square 1 in (a)
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Fig. 9 Morphology and elemental mapping of the reaction layer at the interface between the 
lanthanum-bearing steel and the MgO-C refractory under stirring conditions. b is an enlarged view 
of Square 1 in (a) 

steel precipitate to form a reaction layer. At the same time, the lanthanum oxides 
were formed at the MgO reaction layer, as shown in Fig. 9b. The lanthanum oxides 
embedded in the MgO layer react with aluminum in the MgO-C refractory to form 
LaAlO3, as shown in Fig. 9b. 

For the interfacial reaction between lanthanum-bearing steel and refractory under 
stirring conditions, numerous foreign inclusions from the refractory fall off into the 
steel, as shown in Fig. 10. The MgO particles in the steel initially react with dissolved 
lanthanum and sulfur to form La2O2S and La2O3 inclusions, as shown in Eqs. (4) 
and (5). Then, the lanthanum-containing inclusions react with dissolved titanium 
and aluminum in the steel to form La-Ti–Al-O inclusions, as shown in Fig. 10. The  
transformation of inclusion is as follows: MgO → La2O2S → La-Ti–Al-O.

Interaction Mechanism 

The schematic diagram of the interface reactions between the MgO-C refractory and 
the molten steel is shown in Fig. 11. Under quiescent conditions, a MgO reaction 
layer forms at the interface between molten steel and MgO-C refractory. After adding 
lanthanum to the steel, the dissolved lanthanum diffuses to the interface and reacts 
with MgO, resulting in the formation of a reaction layer that contains lanthanum. 
Under stirring conditions, the reaction layer was non-continuous and fragmented.
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Fig. 10 Morphology and elemental mapping of the interface between the lanthanum-bearing steel 
and the MgO-C refractory under stirring conditions

The stirring induced the dislodgement of MgO particles from the MgO-C refractory 
into the molten steel. For the lanthanum-bearing steel, the MgO particles from the 
refractory are transformed into La2O2S and La-Al-Ti–O inclusions. 

Fig. 11 Schematic of the interaction between steel and refractory
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Conclusions 

(1) For the reaction between steel without lanthanum and MgO-C refractory, a 
dense 50 µm thick MgO reaction layer was observed under quiescent conditions. 
However, under stirring conditions, the thickness of the MgO reaction layer was 
only 25 µm. Additionally, the layer was non-continuous and broken at certain 
locations. In addition, the molten steel will penetrate the refractory through the 
crack in the MgO reaction layer. 

(2) After the reaction between lanthanum-bearing steel and MgO-C refractory under 
quiescent conditions, a double-layer structure is formed. The structure consists 
of a MgO layer close to the refractory side and a La2O3 layer close to the steel 
side. The La2O3 layer can inhibit the penetration of molten steel into refractory 
materials. Under stirring conditions, a layer of La2O3-La2O2S was formed, with 
a few  LaAlO3 particles embedded within the MgO reaction layer. 

(3) Under stirring conditions, the stirring induced the MgO particles to detach from 
the refractory lining and enter the molten steel. For the lanthanum-bearing steel, 
the MgO particles from the refractory will react with dissolved lanthanum, 
aluminum, and titanium in the steel, resulting in the transformation of inclusions 
as follows: MgO → La2O2S → La-Ti–Al-O. 
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