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Abstract
In order to explore the corrosion mechanism of Al2O3–C refractories in the mold flux bearing MnO, the immersion test of

Al2O3–C refractories in CaO–SiO2–CaF2–MnO slag with different MnO contents was carried out at 1550 �C. The results

show that Mn particles were observed in the slag after experiment, due to the reduction of MnO by graphite in refractories.

Large amounts of graphite were observed at the interface between refractories and slag, indicating that the oxidation of

graphite is limited by the poor contact between graphite and molten slag. Therefore, the oxidation of graphite is not the

main cause of damage to refractories. A small quantity of CaO�2Al2O3 (CA2) and CaO�6Al2O3 (CA6) adjacent to Al2O3

grain was detected at the slag/reaction layer interface. CA2 and CA6 possess relatively high melting points, which is

beneficial to hindering the further penetration of slag. However, the dissolution of Al2O3 into slag is still the main cause for

refractories damage. The increase in the MnO content of mold slag decreases the viscosity and then results in the severe

corrosion of Al2O3–C bricks.
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1 Introduction

Oxide-based refractories are widely used in the steelmak-

ing industrial production, due to the excellent mechanical

properties and thermal shock resistance [1–4]. The sub-

merged entry nozzle (SEN) composed of Al2O3–C-based

refractories plays an important role in preventing sec-

ondary oxidation of molten steel, controlling the flow rate

of molten steel, and reducing slag entrapment in the con-

tinuous casting process [3–5]. However, the long-term

contact between SEN and mold fluxes can lead to the

erosion and damage of SEN, which will hinder the smooth

operation of continuous casting process and reduce pro-

duction efficiency. Therefore, it is significant to study the

erosion mechanism of Al2O3–C-based refractories in slag.

The erosion mechanism of refractories in slag attracts

widespread attentions, including the dissolution of refrac-

tories components into slag, the penetration of slag into

refractories, and new phases formation by the reaction

between slag and refractories [6–9]. Especially, the pene-

tration of slag into refractories can deteriorate the thermal

shock resistance and mechanical properties of refractories

and accelerate the damage to refractories [10, 11]. There-

fore, inhibiting the penetration of slag into refractories is

beneficial to reducing the corrosion of refractories. The

refractories bearing graphite possess excellent slag pene-

tration resistance due to the poor wettability of slag and

graphite [12–14]. However, the oxidation of carbon in

refractories by slag components also causes the concerns

about increased corrosion of refractories [15]. Moreover,

the viscosity of slag is also an important factor affecting the

dissolution of refractory components into slag and the

penetration of slag into refractories [14, 15].
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The traditional mold slag is mainly composed of CaO

and SiO2 as the base component, with an appropriate

amount of CaF2 and other fluxes. Furthermore, during the

casting of the medium and high Mn steels, Mn in the

molten steel will inevitably be oxidized and dissolved into

slag, which increases the MnO content in slag [16]. It is

well known that the graphite in refractories can be easily

oxidized by MnO in molten slag, which could become the

passage for slag penetration. In addition, MnO addition

will decrease the slag viscosity [17], which would result in

the severe corrosion of SEN. Therefore, it is significant to

in-depth study the effect of MnO in mold slag on the

corrosion of Al2O3–C-based refractories. However, to the

authors’ best knowledge, there is little research on the

corrosion mechanism of Al2O3–C refractories in the mold

slag bearing MnO. Therefore, the immersion experiment

was carried out to study the interaction between molten

slag bearing MnO and Al2O3–C refractories and the effect

of MnO content in mold powders on the corrosion behavior

of Al2O3–C refractories, aiming to provide the fundamental

knowledge for the corrosion mechanism of Al2O3–C

refractories in slag bearing MnO.

2 Experimental

2.1 Materials preparation

The Al2O3–C refractories were prepared with tabular alu-

mina (\ 0.075 mm, 0–1 mm, and 1–3 mm), a-Al2O3

(\ 45 lm), flake graphite (\ 74 lm, 97.5 wt.% C), and

silicon powders (purity 98%; median diameter

d50 = 27 lm) as raw materials. Table 1 lists the chemical

composition of main raw materials. Furthermore, the

adhesive is thermosetting phenolic resin (36 wt.% C). After

fully mixing, the raw materials were pressed into cuboid

samples (150 mm 9 25 mm 9 25 mm) and then cured at

220 �C for 24 h. Afterwards, the cured samples were

placed in a graphite crucible, covered with petroleum coke,

heated to 1200 �C, and held for 3 h in an electric furnace

under the argon atmosphere. It should be noted that the

Al2O3–C refractories were prepared according to common

process parameters. Furthermore, this study focuses on the

effect of slag composition on the dissolution behavior of

refractories.

The Al2O3–C refractories were machined into the

cuboid samples with the dimension of 60 mm 9 12

mm 9 12 mm for the immersion corrosion experiment. It

is well known that the CaF2 significantly affects the slag

viscosity. In order to elucidate the effect of MnO content in

the slag on the slag viscosity, the CaF2 addition content

was kept constant in all experimental slag groups. The

composition of mold slag containing MnO used for

experiment is listed in Table 2. The liquidus temperature of

slag samples was calculated using the thermodynamic

calculation software FactSage 8.1. The liquidus tempera-

ture of slag samples decreases with the increase in MnO

content. The tested slag was prepared using the reagent-

grade powders of SiO2, CaF2, CaO, and MnO (Sinopharm

Chemical Reagent Co., Ltd., China). In order to avoid the

influence of other impurities in the powders, SiO2 and CaF2

powders were calcined at 300 �C, and CaO powders were

calcined at 1000 �C for 10 h in the muffle furnace,

respectively. The slag was premelted in a high-frequency

induction furnace and quenched on the copper plate.

2.2 Experimental procedure

The experimental device is shown in Fig. 1. In order to

avoid the effect of crucible corrosion, the boron nitride

crucibles (inner diameter of 30 mm and height of 90 mm)

were selected for the corrosion tests. Firstly, the slag

(* 20 g) was put into the boron nitride crucible. Then, the

boron nitride crucible was placed in a resistance furnace

and heated to 1550 �C under the Ar atmosphere with the

flow rate of 300 mL/min. After holding at 1550 �C for

30 min, the boron nitride crucible was removed from the

furnace, and the sample was quenched on the copper plate.

This procedure was repeated for other corrosion tests.

The obtained samples were enclosed in the epoxy resin

for avoiding mechanical damage and cut from the middle

of the samples for the microscopic observation of corrosion

interface. The microstructure and composition of slag/re-

fractories interface were analyzed using a scanning elec-

tron microscope (SEM, Nova 400 Nano, FEI Company,

USA) equipped with an energy-dispersive spectrometer

(EDS, NCA IE 350 Penta FET X-3, Oxford Company,

UK). Besides, the contents of Al2O3 in the slag samples

after corrosion were detected with an X-ray fluorescence

spectrometer (XRF, ARL 9900 Series, USA).

Table 1 Compositions of Al2O3–C refractories samples (wt.%)

Tabular alumina a-Al2O3 Flake graphite Silicon powder

1–3 mm 0–1 mm \ 0.075 mm

40 30 9 8 10 3
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3 Results and discussion

As shown in Fig. 2, the large Mn particles are found in the

slag samples after experiment. The sizes of 13 large Mn

particles were measured, and the largest equivalent diam-

eter is 0.9 mm. It can be inferred that the Mn particles were

formed by the interaction between molten slag and

refractories. Furthermore, the small Mn particle trends to

aggregate and forms the large particle due to the interface

tension difference between Mn and slag. Lots of small

particles were observed around the large particles, which

prove the aggregation of Mn particles.

Figure 3 shows the DG–PCO/Ph diagram of chemical

reactions between graphite and components in slag con-

taining 10 wt.% MnO, where DG is the change of Gibbs

free energy, and PCO/Ph is the partial pressure of CO in the

mixed gas. The standard Gibbs free energy changes (DGh, J

mol-1) of reactions between graphite and MnO were cal-

culated by the thermodynamic calculation software Fact-

Sage 8.1. The activities of slag components were also

obtained by FactSage 8.1 and are listed in Table 3. It can be

seen that under low PCO/Ph, reaction (1) can proceed.

Under the conditions of this experiment, PCO/Ph can be

maintained at a lower level due to the introduction of Ar

gas (purity of 99.999 vol.%). It indicates that the Mn par-

ticles are formed mainly due to the reduction of MnO in

slag by graphite in refractories, as shown in reaction (1)

[18, 19]:

ðMnOÞslag þ ðCÞrefractory ¼ ðCOÞgas þ ½Mn�liquid metal ð1Þ

Table 2 Chemical compositions and liquidus temperatures of experimental slags

Slag

No.

Chemical composition/wt.% Liquidus temperature/�C

CaO SiO2 CaF2 MnO

S1 45 45 10 0 1412

S2 42.5 42.5 10 5 1361

S3 40 40 10 10 1306

Fig. 1 Schematic diagram of experimental device

Fig. 2 Large Mn particles in slag near interface. a Slag S2; b slag S3
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Figure 4 shows the microstructure and phase composi-

tions of interface between slag and refractories after the

corrosion tests. Lots of graphite were observed at the slag/

refractories interface for all samples, indicating that the

graphite in refractories was not completely oxidized by

MnO in slag and remained at the interface during the

corrosion tests. The elements mapping of interface between

slag S3 and refractories is shown in Fig. 5. It indicates that

Al2O3 inside the graphite was severely eroded by slag,

while the graphite was only slightly eroded by slag. The

main reason for the above results is that the wettability

between graphite and slag is poor, which hinders the pen-

etration of slag into refractories and reduces graphite oxi-

dation [18, 20].

Figure 6 shows the detailed phase composition of

interface between slag S3 (10 wt.% MnO) and refractories.

New phases are formed by the reaction between the pen-

etrated slag and Al2O3 (Fig. 6b). The EDS results shown in

Table 4 indicate that the particles in slag are composed of

Al2O3–SiO2–CaO (Fig. 6b), which has a relatively low

melting point. The CaO percentage of liquid phases in

varied local region along the slag penetration direction

shows the decreasing trend (Table 4 and Fig. 6b). A small

quantity of CaO�2Al2O3 (CA2, melting point of 1780 �C)

and CaO�6Al2O3 (CA6, melting point of 1860 �C) adjacent

to Al2O3 grain was detected at the slag/reaction layer

interface. The formations of CA2 and CA6 phases with high

melting point are beneficial to hindering the further pene-

tration of slag [21–25]. However, the dissolution of Al2O3

into slag is still the main cause of refractories damage [26].

The Al2O3 contents in the slag samples after the cor-

rosion tests are shown in Fig. 7. The Al2O3 content

increases with the increase in MnO content in the slag. The

result indicates that the increase in the MnO content in

mold slag accelerates the dissolution of Al2O3–C bricks,

leading to the increased corrosion of the bricks.

Fig. 3 DG–PCO/Ph diagram of chemical reactions between C and

MnO. T—Temperature

Table 3 Activities of slag components at 1550 �C

Slag

No.

CaO SiO2 CaF2 MnO a3
CaF2

�aAl2O3

a3
CaO

aMnO � aC

S1 1.64 9 10-3 0.1935 0.0859 – 1.44 9 105 –

S2 1.78 9 10-3 0.1567 0.0965 0.0335 1.59 9 105 0.0335

S3 1.99 9 10-3 0.1219 0.1092 0.0705 1.65 9 105 0.0705

a—Activity of component

Fig. 4 Micrograph of slag/refractories interface of samples after corrosion experiment. a Slag S1; b slag S2; c slag S3
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The properties of slag have an important impact on the

corrosion behavior of refractories, especially the viscosity

of slag [6, 27–30]. Figure 8 shows the viscosity change of

initial slag samples with temperature calculated by Riboud

model as follows [15]:

g ¼ A � T exp
B

T

� �
ð2Þ

A ¼ exp½�19:81 þ 1:73ðxCaO þ xMgO þ xFeO þ xMnOÞþ
5:82xCaF2

þ 7:02ðxNa2O þ xK2OÞ � 35:76xAl2O3
�
ð3Þ

B ¼ 31; 140 � 23; 896ðxCaO þ xMgO þ xFeO þ xMnOÞ�
46; 356xCaF2

� 39; 159ðxNa2O þ xK2OÞ þ 68; 833xAl2O3

ð4Þ

where g is the viscosity of slag, Pa s; and x is the mole

fraction of a component. At the experimental temperature,

the viscosities of slag samples (S2 and S3) containing MnO

are both lower than that of the slag without MnO (S1), and

the viscosity of slag decreases with the increase in MnO

Fig. 5 EDS mapping of slag/refractories interface after corrosion for slag S3

Fig. 6 Slag/refractories interface (a) and slag penetration in refractories (b) for slag S3 case. Al–Si–Ca is Al2O3–SiO2–CaO low melting point

phase

Table 4 EDS results of each point in Fig. 6 (at.%)

Element Si Ca Al O

Point 1 3.08 13.64 33.22 50.06

Point 2 0.67 11.91 39.17 48.25

Point 3 – 5.48 44.69 49.82

Point 4 – 4.78 45.48 49.74

Point 5 – – 49.00 51.00
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content in slag. It is well known that the lower the viscosity

of the slag, the more conducive to the penetration of the

slag. The lower viscosity provides the better kinetic con-

ditions for the slag penetration into refractories and the

mass transfer in liquid phase. Therefore, the corrosion of

Al2O3–C refractories in the slag S3 with higher MnO

content is severer than that in the slag S2 with lower MnO

content.

Although the oxidation of graphite is not the main cause

for the deterioration of Al2O3–C bricks, the severer gra-

phite oxidation is inevitably detrimental to the slag resis-

tance of refractories. From the view of thermodynamics,

the driving force for the graphite deoxidation by MnO

increases with the increase in MnO content in molten slag.

Taking the pure substance as standard state, aC in refrac-

tories is unity. The driving force of reaction (1) can be

expressed by aMnO � aC, as shown in Table 3. The value of

aMnO � aC in the test of slag S3 is significantly larger than

that in the test of slag S2. Compared with slag S2, reaction

(1) occurs more easily in the test of slag S3. Therefore, the

content of Al2O3 in slag increases with the increase in MnO

content from 5 wt.% (slag S2) to 10 wt.% (slag S3).

Furthermore, the interaction between CaF2 in slag and

Al2O3 in refractories can also aggravate the corrosion of

Al2O3–C refractories. The reaction is shown in reaction (5)

[31]:

3(CaF2Þslag + (Al2O3Þrefractory = 3(CaO)slag + 2(AlF3Þgas

ð5Þ

Table 3 shows that the activities of CaO and CaF2 in

slag increase as the content of MnO in slag increases [15].

The driving force of reaction (5) can be expressed by
a3

CaF2
�aAl2O3

a3
CaO

. The driving force of reaction (5) for the slag

containing MnO (S2 and S3) is larger than that free MnO

slag S1, and the driving force increases with increase in

MnO content in slag, especially for the slag S3 with higher

MnO content. Therefore, the corrosion of Al2O3–C

refractories in the slag containing MnO is severer than that

in the slag without MnO, especially for the slag S3 with

higher MnO content.

4 Conclusions

1. Mn particles are observed in the slag after experiment,

which was resulted from the reduction of MnO by the

graphite in Al2O3–C refractories.

2. A large amount of graphite is observed at the

refractories/slag interface, indicating that the oxidation

of graphite is limited by the poor wettability between

graphite and molten slag, which is not the main cause

for the deterioration of Al2O3–C bricks. It indicates

that the dissolution of Al2O3 into slag is still the main

cause of refractories damage.

3. The dissolution amount of Al2O3 increases with the

increase in MnO content in slag, indicating that MnO-

containing slag will result in the severe corrosion of

SEN.
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Fig. 7 Al2O3 content in slag after corrosion experiment
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