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Abstract

Carbon-containing refractory materials have received great attention over the last years due to their importance in the steelmaking process. The

oxidation of carbon present in refractory materials at temperatures above 500 8C is usually accompanied by the decrease of their mechanical strength

and chemical resistance. Aiming to improve the oxidation resistance of carbon-oxide refractories, the use of materials known as antioxidants has been

extensively studied. In this work we evaluated the performance of MgB2 and B4C antioxidants when incorporated into MgO–C bricks. We observed

that the co-addition of metallic antioxidants and B4C or MgB2 leads to refractory bricks with enhanced hot modulus of rupture and resistance against

oxidation and slag corrosion. However, the excessive addition of these antioxidants could impair the performance of the obtained bricks. Thus, when

determining the optimum concentration of MgB2 and B4C to be added into MgO–C refractories, one must take into consideration this behavior.
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1. Introduction

Magnesia carbon refractories have been widely used in slag

line of steel ladles, BOF/LD (Basic Oxygen Furnaces/Linz

Donawitz) converters, and electric arc furnaces (EAF). They

usually show great resistance against chemical attack from slag

and thermal shock. It is well established that this behavior arises

from the presence of carbon in these materials [1,2]. Due to the

low concentration of residual carbon in ungraphitized carbon

and its low oxidation resistance, flake graphite has been the

major carbon source for the refractory industry. It is stated in

the literature that flake graphite improves some properties of

refractory materials, including their resistance against thermal

shock and chemical attack, thermal conductivity, and fracture

toughness [3,4].
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The oxidation of carbon present in refractory materials at

temperatures above 500 8C is usually accompanied by the

decrease of their mechanical strength and chemical resistance.

This behavior arises from the increase of the refractory porosity

[5–9]. In order to improve the oxidation resistance of oxide-

carbon refractories, the use of materials known as antioxidants

has been extensively studied. Metal-powders and their alloys

improve the mechanical strength and oxidation resistance of

carbon-containing refractory materials. Boron-based non-oxide

ceramics also have shown successful results [10]. Antioxidant

materials easily react with oxygen and carbon, leading to the

blocking of pores and mitigating carbon oxidation by the

formation of liquid phases [11,12]. The appropriate selection of

the antioxidant to be used (type and amount) in a given

application will depend on several parameters, including the

refractory composition, heat treatment conditions (atmosphere

and target temperature), slag chemical composition, and

thermomechanical stresses that develop during the process.

In this work we evaluated the performance of MgB2 and B4C

antioxidants when incorporated into MgO–C bricks. We also

evaluated the bulk density, apparent porosity, three-point

bending strength, and cold crushing strength (CCS) of brick
d.
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samples after drying at 200 8C. Properties such as the oxidation

and corrosion behavior of these materials, as well as their hot

modulus of rupture (HMOR) were investigated. After

performing oxidation tests, we observed by X-ray diffraction

(XRD) the crystalline phases formed in both oxidized and non-

oxidized portions of the composites. Ceramographic examina-

tions were carried out by reflected light and scanning electron

microscopies (LM and SEM, respectively).

2. Materials and methods

Electrofused magnesia (4.75 mm – <600 mm – from

Magnesita SA), MgO sinter (<212 mm – from Magnesita SA),

flake graphite (�180 mm – from Nacional de Grafite), and liquid

phenolic resin (2.60 wt% – from Dynea) were used in the

processing of MgO–C refractory bricks. Previous tests revealed

that flake graphite has chemical purity of ca. 99%. Table 1 gives

the chemical composition of electrofused magnesia and MgO

sinter. Table 2 gives the antioxidants added into the prepared

MgO–C bricks. It is important mentioning that A1 is a reference

formulation, typically used in oxygen converters. The antiox-

idants used in this study present mean particle sizes below 45 mm.

A typical processing procedure used in this study is as

follows: first, a ceramic mass was obtained by mixing

electrofused magnesia, MgO sinter, flake graphite, and the

antioxidant related to each composition (see Table 2). Next, the

obtained ceramic mixture was homogenized in an intensive

mixer. Lastly, liquid phenolic resin was slowly added in order to

act as a binder in the obtained materials. The forming of MgO–

C bricks was carried out using a friction press. Samples were

obtained in suitable size and shape to perform the mechanical
Table 1

Chemical composition of electrofused magnesia and MgO sinter used in this

work.

Composition Concentration (wt%)

Electrofused magnesia MgO sinter

MgO 97.85 98.40

CaO 0.94 0.77

SiO2 0.43 0.25

Al2O3 0.22 0.05

Fe2O3 0.42 0.41

MnO 0.07 0.12

B2O3 ND 0.007

Cr2O3 0.07 ND

ND: Not detected.

Table 2

Antioxidants added into the prepared MgO–C bricks.

Antioxidant Manufacturer Composition (wt%)

A1 A2 A3 A4

Coated aluminum powder Alcoa 1–3 – 1–3 1–3

Mg–Al alloy (50:50) ACCR Trading Company 1–3 – 1–3 1–3

MgB2 Sigma–Aldrich – – 0.25 –

B4C Washington Mills – – – 0.25
(HMOR/bending strength – 160 mm � 40 mm � 40 mm, CCS

– 80 mm � 40 mm � 40 mm), oxidation (40 mm � 40 mm �
40 mm), and corrosion tests (160 mm � 70 mm � 40 mm).

Curing of samples was carried out in air at room temperature for

24 h. In order to dry the MgO–C bricks, they were kept at

200 8C for 6 h.

The bulk density and apparent porosity of samples dried at

200 8C was evaluated by the Archimedes immersion technique

and as described in the Brazilian standard (NBR 6220). XRD

analyses were carried out in a PANalytical X’ Pert Pro

diffractometer, using Cu Ka radiation. XRD patterns were

recorded in the angle range from 58 to 658 (2u), at a scan

velocity of 0.1278/s. The identification of crystalline phases

was performed using JCPDS files numbers 12-0212, 21-1152,

25-0161, 35-0799, and 45-0946 for graphite, MgAl2O4,

Ca3Mg2(SiO4)2, Al4C3, and MgO, respectively. SEM analyses

were performed in a JEOL JSM-6360 LV scanning electron

microscope. Compositional analyses were carried out using a

NORAN EDS system available in the SEM equipment.

Samples were prepared for LM investigations by embedding

them in epoxy resin, followed by grinding and polishing until

diamond paste of 1 mm grain size.

Bending strength and CCS tests were carried out at room

temperature, using a Kratos press (model ECC 100MP) and

according to the Brazilian standard (ABNT NBR 6113/ABNT

NBR 6224). HMOR tests were performed at 900 8C, 1200 8C,

and 1400 8C, using a heating rate of 140 8C/h and keeping

samples at the target temperature for 30 min. These tests were

carried out using a MTS press (model 318.25) and as described

in ASTM C583-10 procedure. Samples used in these tests were

enclosed in a nickel foil to prevent their superficial oxidation.

Oxidation tests were carried out at 1400 8C, keeping samples at

this temperature for 1 h. During oxidation tests there was a

continuous injection of compressed air in order to obtain an

oxidizing atmosphere. Slag corrosion tests were performed in

an induction furnace, using a heating rate of 26 8C/min. A

typical slag from a LD converter and steel samples were added

in the furnace until the temperature of 1600 8C was reached. At

each 30 min interval the slag was renewed in order to maintain

its reactivity during the test. The duration of each corrosion test

was about 3 h. A typical chemical composition of the slag used

in these tests is the following: CaO/SiO2 (>2.5%), Fe

(�20.0 wt%), and MgO (7.0 wt%). Slag corrosion tests were

performed as described in ASTM C874-99 standard. It is

important mentioning that bending strength, CCS, HMOR,

corrosion, and oxidation tests were carried out in samples after

the drying step (200 8C).

3. Results and discussion

3.1. Morphological and XRD results

Fig. 1 shows a typical LM micrograph of an antioxidant-

containing MgO–C brick after drying at 200 8C. One observes

among MgO grains (dark gray) the refractory matrix mainly

composed by graphite (light gray), MgO fines, and antioxidant



Fig. 1. Typical LM micrograph of an antioxidant-containing MgO–C brick

after drying at 200 8C. The scale bar corresponds to 200 mm.

K.S. Campos et al. / Ceramics International 38 (2012) 5661–5667 5663
particles. Fig. 2 depicts XRD patterns of oxidized and non-

oxidized portions of samples used in oxidation tests.

Fig. 3 exhibits SEM micrographs of MgO–C bricks prepared

in this work. The micrographs of non-oxidized areas revealed

the presence of spheroidal phase of aluminum carbide (Al4C3)

dispersed in the refractory matrix. We believe that these

particles are present in sites previously occupied by metallic

aluminum. Some of the micrographs shown in Fig. 3 reveal the

presence of MgO grains enclosing aggregates of Al4C3

particles. These aggregates usually present Al and Ca particles

in their frameworks. We also believe that these particles could

arise from impurities present in electrofused magnesia particles

(see Fig. 3I, II, V, VI, VII and VIII). XRD and EDS tests

revealed that spinel (MgAl2O4) is initially formed in these

areas. We observed that MgAl2O4 is present in greater

concentrations in oxidized areas than in non-oxidized ones.

Merwinite (Ca3Mg(SiO4)2) was occasionally observed in MgO

grain boundaries (see Fig. 3I–IV). We did not observe the

presence of Ca3Mg(SiO4)2 in micrographs shown in Fig. 3VII

and VIII.

It is well established that the detection limit of EDS and

XRD is about 0.5 wt% and 5 wt%, respectively [13–17]. Since

MgB2 and B4C were added into MgO–C bricks in a

concentration of 0.25 wt%, it was not possible to observe

the presence of these antioxidants by these techniques.

3.2. Bulk density, apparent porosity, bending strength, and

CCS tests

Fig. 4 shows the bulk density and apparent porosity of

refractory bricks prepared in this work. We observed that all

samples exhibited green densities of about 3.0 g/cm3. On the

other hand, A2 showed the greater porosity among the tested

formulations. Fig. 5 depicts the MOR and CCS of these samples.

One notices that these materials presented similar MOR and

CCS. This behavior suggests that the drying temperature of

200 8C is not sufficient to cause remarkable microstructural

changes in the prepared bricks. Such microstructural changes are
more pronounced only after the firing step, typically performed at

temperatures above 1000 8C.

3.3. HMOR tests

Fig. 6 shows the HMOR of bricks prepared in this work.

One observes that the co-addition of boron-based antiox-

idants and Mg–Al alloy leads to samples with enhanced

HMOR (see A3 and A4). We believe that both the added

boron-based antioxidant and aluminum carbide (formed by

the reaction of Mg–Al alloy with carbon atoms from the

brick) play an important role in this process. However, the

addition of high contents of boron-based antioxidants into

MgO–C bricks could lead to decreasing their mechanical

strength. This behavior is due to the occurrence of the

following reaction [18]:

3MgOðsÞ þ B2O3ðlÞ Ð 3MgO � B2O3 (1)

where B2O3(l) is a product of boron carbide oxidation and

MgO(s) could arise from magnesia sinter or electrofused mag-

nesia. It is well established that the presence of 3MgO�B2O3(l)

decreases the refractoriness, slag resistance, and HMOR of the

brick.

One would expect that the presence of Ca3Mg(SiO4)2 and

3MgO�B2O3 in the obtained MgO–C bricks could impair their

HMOR. However, these phases are present in such low

concentration in these materials that they do not decrease the

mechanical strength of the refractory bricks.

3.4. Oxidation tests

Fig. 7 depicts the oxidation resistance of refractory bricks

obtained in this study. One notices that A2 exhibited the lower

oxidation resistance among the analyzed samples. Moreover,

the co-addition of metallic antioxidants and MgB2 or B4C leads

to bricks with enhanced oxidation resistance (see A3 and A4).

The combined use of MgB2 and metallic antioxidants leads to

the formation of an oxide layer on the refractory surface

consisting of MgAl2O3, MgO, and a glassy boron-oxide layer.

According to Ichikawa et al. [19], this oxide layer act as a

barrier to oxygen diffusion. However, its protective effect

against oxidation is impaired at temperatures above 1000 8C
[19]. We believe that the distinct oxidation behavior of A3 and

A4 could be ascribed to the formation of 3MgO�B2O3 in the

framework of A4 (see Eq. (1)). Palco et al. [20] reported that

3MgO�B2O3 can inhibit the oxygen diffusion into the

refractory.

3.5. Slag corrosion tests

Fig. 8(a) depicts the percent wear of MgO–C bricks used in

slag corrosion tests. Fig. 8(b) shows the corrosion profile of

these samples. In general, all samples exhibited a good

resistance against slag attack. We observed that A4 showed the

higher resistance followed by A3, A1, and A2. However, one

notices that there is a little difference among the corrosion
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behavior of these samples. It is well established that there is an

optimum concentration of these antioxidants in which it is

possible to inhibit the carbon oxidation without impair

the corrosion resistance of the refractory. As mentioned before,
Fig. 2. XRD patterns of samples used in oxidation tests. (I), (III), (V), and (VII) repr

and (VIII) represent oxidized portions of A1, A2, A3, and A4. * MgO/D Graphite
non-metallic antioxidant easily react with oxygen and carbon,

leading to the blocking of pores by the formation of liquid phases.

In addition, metallic antioxidants lead to the formation of an

oxide layer at the slag–refractory interface [20]. Lee and Zhang
esent non-oxidized portions of A1, A2, A3, and A4, respectively. (II), (IV), (VI),

/� Al4C3/? Ca3Mg(SiO4)2/^ MgAl2O4.



Fig. 3. SEM micrographs of non-oxidized and oxidized areas of MgO–C bricks used in oxidation tests. (I and II) Al + Mg–Al alloy; (III and IV) In natura (without

antioxidant); (Vand VI) Al + Mg–Al alloy + MgB2; (VII and VIII) Al + Mg–Al alloy + B4C. C3MS2: Ca3Mg(SiO4)2. The scale bars correspond to 100 mm in (I), (II),

(III), and (VIII), and to 200 mm in (IV), (V), (VI), and (VII).
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[21] reported that this oxide layer can also be formed in the brick

framework. The reason why B4C-containing refractory (A4)

showed a higher resistance than MgB2-containing one (A3) is not

fully understood due, in great part, to the lack of thermodynamic
data about boron-containing non-oxide ceramics. Thus, further

investigations are needed to understand the effect of adding

MgB2 on the resistance against slag attack of magnesia carbon

refractories.



Fig. 4. Bulk density and apparent porosity of refractory bricks prepared in this

work.

Fig. 5. Bending strength and CCS of refractory bricks obtained in this work.

Fig. 6. HMOR of bricks prepared in this work.

Fig. 7. Oxidation resistance of refractory bricks obtained in this study.

Fig. 8. (a) Percent wear of MgO–C bricks used in slag corrosion tests. (b)

Corrosion profile of these samples.
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4. Conclusions

We observed that the prepared bricks exhibited green

densities of about 3.0 g/cm3. A2 showed the greater porosity

among the tested formulations. All tested materials showed

similar bending strength and CCS. We also observed that the
co-addition of metallic antioxidants and B4C or MgB2 leads to

refractory bricks with enhanced hot modulus of rupture and

resistance against oxidation and slag corrosion. However, the

excessive addition of these antioxidants could impair the

performance of the obtained bricks. Thus, when determining

the optimum concentration of MgB2 and B4C to be added into

MgO–C refractories, one must take into consideration this

behavior.
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