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Abstract
To solve the problem of poor high-temperature service performance caused by low carbonization of MgO–C refractories,

low-carbon MgO–C refractories with excellent thermal shock, oxidation and corrosion resistances were successfully

designed by using SiC whiskers as reinforcing phases and introducing micro-Al2O3 powders as additives. The results

indicated that the addition of micro-Al2O3 powders optimized the internal structure of the material, like the columnar b-

Si3N4 with a stepped distribution and the mosaic structure formed between granular and flaky Mg2SiO4, which syner-

gistically strengthened and toughened the material and gave the material excellent mechanical properties and thermal

shock resistance. Specifically, the cold modulus of rupture and cold crushing strength after thermal shock were increased

by 4.1 and 20.3 MPa, respectively. Moreover, the addition of micro-Al2O3 powders promoted the formation of fine

particles of Mg2SiO4, MgAl2O4 and MgO, as well as a dense protective layer of Mg2SiO4 in the material under high-

temperature environment. Furthermore, spinel and high-temperature solid solution were formed in the corrosion envi-

ronment. The oxidation and corrosion resistances were greatly improved by 41% and 15%, respectively.

Keywords Low-carbon MgO–C refractory � Oxidation resistance � Corrosion resistance � Thermal shock resistance �
Micro-Al2O3 powder

1 Introduction

The consumption and production of iron and steel are

closely related to the development of national economy and

the process of industrialization, and the refractory is an

important support for high-temperature industry [1–4]. At

present, the theme of economic and social development is

to promote high-quality development. The iron and steel

industry pays more attention to variety and quality, green,

low-carbon, and innovative development [5–7]. This also

puts forward higher requirements for carbon-containing

refractories closely related to the iron and steel industry.

MgO–C refractory, as an indispensable basic material in

the process of smelting including refining process, has an

irreplaceable position [8–10]. With the increasing demand

for clean steel in recent years, the development of low-

carbon MgO–C refractories has become a research hotspot

in this field, but the outstanding problems of poor thermal

shock stability and slag corrosion resistance caused by low

carbonization have emerged [11–14]. In addition, like all

carbon-containing refractories, low-carbon MgO–C

refractories still face the problem of poor oxidation resis-

tance [15–18]. Recently, in the work of reducing graphite

content, starting from the synergistic improvement in the

comprehensive performance of low-carbon MgO–C

refractories, the in-situ formation of ceramic phases has

shown good potential and advantages. The introduced

additives generate ceramic phase in situ in the process of

heat treatment or use of refractories, and their volume

expansion effect reduces the pore volume, which prevents
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the penetration of slag and molten steel into the material

and improves the thermomechanical properties of the

refractories while enhancing oxidation and corrosion

resistances [19–21]. For example, Ren et al. [22] used

Al2O3 as a reinforcer and La2O3 as a modifier to generate

MgAl2O4 (whisker-like and granular morphologies), Mg2-

SiO4 (whisker-like and granular morphologies) and

2CaO�4La2O3�6SiO2 (rod-like morphology) ceramic pha-

ses in MgO–C refractories. The volume expansion and

intergranular phase enhancement effects produced by these

ceramic phases increased the oxidation, thermal shock and

corrosion resistances of the refractories by 14%, 18% and

43%, respectively. In our early work [23, 24], we used Si

powder/resin as catalyst supports via impregnation method,

and MgO–C refractories were prepared by high-tempera-

ture catalytic nitridation. The morphological evolution,

generation and distribution of MgSiN2 and Si3N4 were

controlled by regulating the nitriding temperature and

catalyst content, so that the long conical MgSiN2 and

columnar Si3N4 were pinned in the aggregate and matrix to

form an interlocking ceramic network structure, which

improved the mechanical properties, thermal shock and

corrosion resistances of refractories. It can be found that

the controllable formation of ceramic phases is an effective

method to improve the properties of materials, and it is

expected to achieve the synergistic improvement in ther-

momechanical properties, corrosion and oxidation resis-

tances of low-carbon MgO–C refractories.

Recently, we [25] introduced SiC whiskers loaded with

catalyst into low-carbon MgO–C refractories, which

improved the effect of prepared SiC whiskers containing

crystal defects on the properties of materials to a certain

extent and promoted the formation of columnar b-Si3N4

and flaky Mg2SiO4, thereby improving the thermome-

chanical strength of the materials. Unfortunately, the

introduction of more SiC whiskers brought problems such

as low strength, high apparent porosity, poor oxidation and

corrosion resistances, especially high-temperature service

performance, which limited its industrial application. Rel-

evant studies [26–29] have confirmed that the introduction

of micron-sized Al2O3 powders into MgO–C refractories

can improve the porosity of the material by its size effect.

Furthermore, micron-sized Al2O3 powders can form

MgAl2O4 phase with high melting point, high strength and

alkaline slag corrosion resistance during high-temperature

service, which can improve the thermomechanical prop-

erties, oxidation and corrosion resistances of the material.

Based on the above ideas, aiming at the problem that the

low carbonization of MgO–C refractories leads to poor

high-temperature service performance, we used SiC whis-

kers loaded with catalysts as the reinforcing phase and

expected to design low-carbon MgO–C refractories with

excellent high-temperature service performance (thermal

shock, oxidation and corrosion resistances) by introducing

micro-Al2O3 powders. The positive effects of micro-Al2O3

powders on the microstructure and high-temperature

properties of MgO–C refractories were studied. In partic-

ular, the effects of the addition of micro-Al2O3 powders on

the high-temperature oxidation and corrosion behaviors of

MgO–C refractories were systematically investigated.

2 Experimental

2.1 Raw materials

The raw materials of the refractories included fused mag-

nesia aggregate (MgO C 97.0 wt.%, 1–3 mm and B 1

mm, Gongyi Jinfeng Water Purification Material Co., Ltd.,

China), fused magnesia powder (MgO C 97.0 wt.%,

B 0.074 mm, Gongyi Jinfeng Water Purification Material

Co., Ltd., China), flake graphite (C C 97.0 wt.%, B 0.15

mm, Gongyi Jinfeng Water Purification Material Co., Ltd.,

China), Si powder (Si C 99.9 wt.%, B 0.074 mm, Qinghe

County Xintie Metal Co., Ltd., China), micro-Al2O3

powders (Al2O3 C 99.99 wt.%, 5–6 lm, Shanghai Aladdin

Biochemical Technology Co., Ltd., China), liquid phenolic

resin (45.0–48.0 wt.% carbon yield, Jining Huakai Resin

Co., Ltd., China), and SiC whiskers loaded with catalyst

(Ni(NO3)3�6H2O C 98.0 wt.%, Sinopharm Chemical

Reagent Co., Ltd., China). The SiC whiskers were used as

additives, and the detailed preparation process can be

referred to our previous work [25].

2.2 Preparation

According to the formulations in Table 1, the raw materials

were mixed evenly and pressed under 200 MPa to make

25 mm 9 25 mm 9 140 mm strip green bodies,

/50 mm 9 50 mm cylindrical green bodies, and

/50 mm 9 50 mm crucible green bodies with a hole size

Table 1 Compositions of MgO–C refractory samples (wt.%)

Raw material Particle size Sample S Sample SL

Fused magnesia 1–3 mm 30 30

B 1 mm 40 40

B 0.074 mm 13 11

Flake graphite B 0.15 mm 4 4

Si powder B 0.074 mm 10 10

SiC whisker – 3 3

Al2O3 powder 5–6 lm – 2

Ni(NO3)3�6H2O – ? 0.1 ? 0.1

Phenolic resin – ? 4 ? 4
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of /20 mm 9 18 mm, and then cured at 110 �C for 24 h.

Subsequently, all green bodies were nitrided at high tem-

peratures (1350 �C for 2 h, and then 1400 �C for 4 h) and

under flowing N2 (* 99.999 vol.% N2).

2.3 Characterization and testing methods

The phase composition and microstructure of samples were

determined by X-ray diffractometry (XRD, Rigaku,

SmartLab SE) and field-emission scanning electron

microscopy (SEM, ThermoFisher, Apreo S HiVac),

respectively.

Referring to the Chinese standards GB/T 2997–2015,

GB/T 3001–2017, and GB/T 5072–2008, the apparent

porosity (AP), bulk density (BD), cold modulus of rupture

(CMOR), and cold crushing strength (CCS) of the refrac-

tories were tested, respectively.

For the high-temperature service performance of

refractories, the thermal shock resistance test was per-

formed for nitrided strip and cylindrical samples by

shocking at 1100 �C for 30 min in air and subsequent twice

compressed air quenching with pressure of 0.1 MPa. The

refractoriness under load (RUL) test was performed

according to the Chinese standard YB/T 370–2016 for

nitrided cylindrical samples with compressive load of

0.2 MPa, and the softening temperatures with 0.5% and

0.6% deformation (denoted as T0.5 and T0.6) of the maxi-

mum expansion value were recorded, respectively. The

oxidation resistance test was performed for nitrided cylin-

drical samples by high-temperature oxidation at 1400 �C
for 2 h in air, and the calculation method of oxidation

index is given in Eq. (1). The corrosion resistance test was

performed for nitrided crucible samples by static crucible

method via erosion at 1400 �C for 2 h in air with a slag

(36.1 wt.% CaO, 36.0 wt.% Al2O3, 10.3 wt.% SiO2, 6.3

wt.% TFe, 5.2 wt.% MgO, and 2.3 wt.% MnO) [25]; and

the calculation method of corrosion index is shown in

Eq. (2). More details of tests can be found in our earlier

work [14, 23, 25].

Ioi ¼
AO

AC

� 100% ð1Þ

where Ioi is the oxidation index, %; AO is the oxidation area

of the cylindrical sample; and AC is the cross-sectional area

of the cylindrical sample.

Ici ¼
Acc � Aca

Aca

� 100% ð2Þ

where Ici is the corrosion index, %; Acc is the corrosion area

including the crucible area; and Aca is the crucible area.

3 Results and discussion

3.1 Phase composition and microstructural
evolution

The XRD patterns of samples S and SL (without micro-

Al2O3 and with micro-Al2O3) after nitriding were com-

pared. As shown in Fig. 1, MgO, graphite, a-Si3N4, b-

Si3N4, SiC and Mg2SiO4 phases were detected in sample S.

With the addition of micro-Al2O3 powders, a new phase of

AlN was detected in sample SL, and the diffraction peak

intensity of SiC increased significantly, while the diffrac-

tion peak intensities of a-Si3N4 and Mg2SiO4 decreased

slightly.

The fracture morphologies of samples S and SL nitrided

at 1400 �C are shown in Fig. 2. For sample S without

micro-Al2O3 powders, many columnar b-Si3N4 grains

(average length of 2.89 lm, and average diameter of

1.41 lm) were formed (Fig. 2a). A large number of chain-

Fig. 1 XRD patterns of samples S and SL nitrided at 1400 �C. 2h—Diffraction angle
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bead SiC whiskers were observed, and the granular mate-

rials (average particle size of 0.65 lm) on the whiskers

were mainly composed of C, O, Si and Mg elements

(Fig. 2b). Mg2SiO4 existed in a flaky morphology, and

some b-Si3N4 grains were embedded between flaky Mg2-

SiO4 (Fig. 2c). For the sample SL containing micro-Al2O3

Fig. 2 SEM images of samples S (a–c) and SL (d–j) nitrided at 1400 �C
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powders, the generated columnar b-Si3N4 was distributed

in a stepwise manner inside the sample (Fig. 2d, e).

Specifically, large-sized b-Si3N4 was distributed inside the

hole, and small-grained b-Si3N4 was distributed on the

surface of the hole. Chain-bead SiC whiskers were

observed (Fig. 2f), with increased size of the beads on the

whiskers, and their average particle size was 0.71 lm. The

size of flaky Mg2SiO4 decreased, and its morphology was

more regular. At the same time, Mg2SiO4 also existed in a

granular morphology, which was embedded between flaky

Mg2SiO4 to form an interlocked ceramic network structure

(Fig. 2g–i). The knife-like Si3N4 was also observed around

the flaky Mg2SiO4 (Fig. 2i), and some of its tips were

fractured, which was due to the fact that the knife-like

Fig. 3 BD and AP (a), mechanical properties (b), residual CMOR and residual strength rate of CMOR (c), residual CCS and residual strength

rate of CCS (d), and RUL (e) of samples S and SL nitrided at 1400 �C
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Si3N4 was pulled out and broken under the action of

external force. In addition, AlN existed in a coarse whis-

ker-like morphology and was distributed in the pores

(Fig. 2j), which could play a role in filling the pores.

3.2 Physical properties, thermal shock
resistance, and refractoriness under load

Figure 3 shows the physical properties, thermal shock

resistance, and refractoriness under load of nitrided sam-

ples S and SL. As shown in Fig. 3a, the addition of micro-

Al2O3 powders significantly increased the density of the

sample, and the AP decreased from 26.8% to 22.1%. This

is mainly because the small particle size of Al2O3 powders

could well fill the pores between particles. Moreover, the

addition of micro-Al2O3 powders promoted the formation

of ceramic phases such as Mg2SiO4 particles and small-

sized Mg2SiO4 flakes (Fig. 2), and the pores were filled

[27]. Additionally, the inlaid structure formed between

granular and flaky Mg2SiO4, columnar b-Si3N4 with a

stepped distribution, and Si3N4 with a knife-like mor-

phology optimized the internal structure of the material;

thus, sample SL exhibited excellent mechanical strength

and thermal shock resistance (Fig. 3b–d). The CMOR

before and after thermal shock was 9.9 and 8.5 MPa,

respectively, and their strengths were increased by 77%

and 93% (strength change values: 4.3 and 4.1 MPa),

respectively. The CCS before and after thermal shock was

59.4 and 58.9 MPa, respectively, and their strengths were

increased by 25% and 53% (strength change values: 12.0

and 20.3 MPa), respectively. And the residual strength

ratios of CMOR and CCS were up to 86% and 99%,

respectively. As shown in Fig. 3e, sample SL exhibited a

high RUL value, and its T0.6 was 1674 �C.

3.3 Oxidation behavior of MgO–C refractories

Figure 4 shows the cross-sections and oxidation indexes of

nitrided samples S and SL after oxidation test at 1400 �C

Fig. 4 Cross-sections (a) and oxidation index (b) of nitrided samples

S and SL after oxidation test at 1400 �C for 2 h in air

Fig. 5 XRD patterns of oxidized decarburization area of nitrided samples S and SL after oxidation test at 1400 �C for 2 h in air
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Fig. 6 SEM images of oxidized decarburization area of nitrided samples S (a–c) and SL (d–g) after oxidation test at 1400 �C for 2 h in air
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for 2 h. From Fig. 4a, it can be intuitively seen that sample

SL containing micro-Al2O3 powders had a thinner oxida-

tion layer (yellow part), and there was a thicker oxidation

transition layer (white part) between the oxidation layer

and the original layer (black part). Compared with sample

S without micro-Al2O3 powders (oxidation index: 27%),

the oxidation index of sample SL was only 16%, and the

oxidation resistance was increased by 41% (Fig. 4b),

showing excellent oxidation resistance.

The phase compositions of the oxidized decarburization

layer area in Fig. 4a were detected, and the results are

shown in Fig. 5. Compared with sample S, in addition to

Mg2SiO4, MgSiO3 and SiO2 phases, a new phase of

MgAl2O4 was formed in the oxidized sample SL. SEM was

used to further reveal the effect of micro-Al2O3 addition on

the oxidation resistance of samples, and the results are

shown in Fig. 6. Figure 6a–c shows the SEM images of the

oxidized decarburization area of nitrided sample S. It can

be found that Mg2SiO4 formed by oxidation existing in

three morphologies: blocky Mg2SiO4 wrapped by low

melting point phases SiO2 and MgSiO3 (Fig. 6a), irregular

large blocky Mg2SiO4 covering on the surface of the

matrix, and granular Mg2SiO4 existing between the irreg-

ular large Mg2SiO4 blocks (Fig. 6b, c). In addition, many

MgO particles were also found (Fig. 6c), in which MgO

particles were mainly generated by the following ways: on

the one hand, periclase was reduced to gaseous Mg by

direct contact reaction with graphite or indirect reaction

with CO gas generated by oxidation (reactions (3) and (4)).

Subsequently, these Mg gas enriched around periclase

reacted with external O2 to form MgO (reaction (5)) [30].

On the other hand, the Mg2SiO4 contained in the nitrided

sample or the Mg2SiO4 generated in the oxidation stage

was reduced by graphite or CO gas to directly or indirectly

generate MgO (reactions (5)–(8)) [31]. Compared with the

microstructure of the oxidized sample S, the differences in

the microstructure of the oxidized sample SL are as fol-

lows: the generated granular Mg2SiO4 was smaller in size

and more in amount (Fig. 6b, e); the blocky Mg2SiO4 with

a unique multi-step dense structure covered the surface of

the matrix (Fig. 6f); in addition, many small particles of

MgAl2O4 were generated (Fig. 6g). Therefore, it is based

on the fact that the fine particles (e.g., Mg2SiO4, MgAl2O4

and MgO) were formed and effectively filled the pores,

inhibiting the diffusion of O2 into the interior of the sam-

ple. Moreover, the dense layer of Mg2SiO4 with a multi-

layered stepped structure formed by oxidation prevented

further oxidation and improved the oxidation resistance of

sample SL.

MgOðsÞ þ CðsÞ ¼ MgðgÞ þ COðgÞ ð3Þ
MgOðsÞ þ COðgÞ ¼ MgðgÞ þ CO2ðgÞ ð4Þ
2MgðgÞ þ O2ðgÞ ¼ 2MgOðsÞ ð5Þ
Mg2SiO4ðsÞ þ CðsÞ ¼ 2MgOðsÞ þ SiOðgÞ þ COðgÞ ð6Þ
Mg2SiO4ðsÞ þ 3CðsÞ ¼ 2MgðgÞ þ SiOðgÞ þ 3COðgÞ ð7Þ
Mg2SiO4ðsÞ þ 3COðgÞ ¼ 2MgðgÞ þ SiOðgÞ þ 3CO2ðgÞ

ð8Þ

3.4 Corrosion behavior of MgO–C refractories

Figure 7 shows the cross-sections and corrosion indexes of

nitrided samples S and SL after corrosion at 1400 �C for

2 h in air. As shown in Fig. 7a, both samples S and SL had

a shallower slag corrosion depth after high-temperature

corrosion, and a small amount of slag remained in the

opening area of crucibles, but the corrosion area on both

sides of the inner hole of sample S was larger. The corre-

sponding corrosion index is shown in Fig. 7b. Compared

with sample S (corrosion index: 47%), the addition of

micro-Al2O3 powders (sample SL) effectively improved

the slag corrosion resistance, and its corrosion resistance

was increased by 15%.

The backscattered electron (BSE) and energy dispersive

spectroscopy (EDS) were used to further investigate the

effect of micro-Al2O3 addition on the corrosion resistance

Fig. 7 Cross-sections (a) and corrosion index (b) of nitrided samples

S and SL after corrosion test at 1400 �C for 2 h in air
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of the refractories (Figs. 8 and 9). As seen in Fig. 8a, under

the corrosion of the slag, part of the MgO aggregates in

sample S fell off and entered the slag. After corrosion, an

erosion layer of about 1.45 mm was formed, and some Fe

elements in the slag penetrated deeper into the refractory.

The selected area (connection area between slag and

refractory) in Fig. 8a was enlarged and observed. As can be

seen, MgO aggregates were seriously dissolved by the slag

and lost their inherent contour (Fig. 8b). At the same time,

due to the difference in the thermal expansion coefficient

between the slag and MgO, microcracks were generated

between the aggregates, and the slag was further penetrated

into the refractory through microcracks [32]. The EDS

mapping results in Fig. 8c showed that the Ca, Fe and Si

Fig. 8 BSE images (a, b) of nitrided sample S after corrosion test and EDS mapping (c) of selected area

1530 Y. Chen et al.
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elements in the slag were easy to diffuse and penetrate into

the refractory and then reacted with MgO to form low

melting point phases (e.g., CaMgSiO4 and Ca2MgSi2O7)

annular zone around the MgO aggregate, which aggravated

the shedding of the aggregate.

Figure 9 shows the BSE images of corroded sample SL.

As shown in Fig. 9a, erosion depth of the slag was

1.10 mm, and a small amount of MgO aggregate fell off

into the slag. The connection area between slag and

refractory was observed by magnification (Fig. 9b). It was

Fig. 9 BSE images (a, b) of nitrided sample SL after corrosion test and EDS mapping (c) of selected area
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found that the MgO aggregates were closely connected at

the connection area, and the aggregates were not seriously

eroded and deformed. As seen in Fig. 9c, MgO aggregates

were wrapped by Si, Al and O elements (Al element comes

from slag and refractory), and a layer of isolation zone

composed of forsterite and spinel was formed between

MgO aggregates, which slowed down the penetration of

slag. Combined with SEM and physical properties results

(Figs. 2, 3a), the addition of micro-Al2O3 powders opti-

mized the internal structure of the material and signifi-

cantly improved the density of the refractories, which

reduced the passage of the slag into the refractories. In

addition, since the refractory with micro-Al2O3 powders

itself contained Mg, Si and Al elements, forsterite and

magnesia–aluminum spinel were formed in the refractory

before the slag penetration (Fig. 5). These generated

ceramic phases absorbed Mg, Al and Fe elements in the

slag to form spinel and high-temperature solid solution

[33–35], which increased the viscosity of the slag and

inhibited the penetration of the slag. Therefore, it was

observed that the easily erodent and penetrative Ca and Fe

elements in the slag were effectively isolated by the tightly

connected MgO aggregates. Compared with sample S, the

sample SL showed excellent slag corrosion resistance. In a

word, the addition of micro-Al2O3 powders realized the

synergistic improvement of mechanical strength, thermal

shock, oxidation and corrosion resistances.

Additionally, we compared the properties of this work

with other low-carbon MgO–C refractories

[22, 25, 29, 36–38], and the results are shown in Table 2.

The sample SL showed similar or good properties, espe-

cially the thermal shock and oxidation resistances were

outstanding.

4 Conclusions

1. Compared with the refractories without micro-Al2O3

powders, the addition of micro-Al2O3 powders signif-

icantly improved the density of the refractories and

optimized the formation and distribution of columnar

b-Si3N4 and granular and flaky Mg2SiO4. They syn-

ergistically improved the mechanical strength and

thermal shock resistance of the refractories. The

CMOR before and after thermal shock was increased

by 77% and 93%, respectively, and the CCS before and

after thermal shock was increased by 25% and 53%,

respectively.

2. Under high-temperature service, the Mg2SiO4, MgAl2-

O4 and MgO particles formed by oxidation in the

refractories with micro-Al2O3 powders effectively

filled the pores, and the dense layer of Mg2SiO4 with

a stepped structure further hindered the entry of O2.

Moreover, the generated Mg2SiO4 and MgAl2O4

absorbed Mg, Al and Fe elements in the slag to form

spinel and high-temperature solid solution. Conse-

quently, the refractories with micro-Al2O3 powders

showed excellent oxidation and corrosion resistances,

which were increased by 41% and 15%, respectively.
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