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bstract

he interaction mechanisms between a pitch-bonded MgO–C refractory and an Al2O3 rich (∼15 wt%) stainless steelmaking slag were investigated
y rotating finger tests in a vacuum induction furnace. A porous MgO layer (instead of a dense MgO layer) was observed at the hot face of the
gO–C bricks. This implies that under the present low oxygen pressure conditions, the oxygen supply from the slag is insufficient to meet the

emand of reoxidising the entire amount of Mg vapor generated from the MgO–C reaction to form a fully dense MgO layer. A Mg(Al,Cr)2O4 spinel
ayer with zoning was found at the slag/brick interface in the top slag zone specimen of Test 3 (CHS3). Based on the thermodynamic analyses
ith and experimental data, a mechanism of Mg(Al,Cr) O spinel formation is proposed. Initially, hot face periclase grains take up Cr O , and
2 4 2 3

o a much lesser extent, Al2O3 from the slag. The further diffusion of Cr2O3 and Al2O3 from the slag establishes a spinel layer of three distinct
ompositions of the type MgAl2(1−x)Cr2xO4, with x decreasing when moving from the interior to the exterior spinel layer. Due to the low oxygen
ressures, the thermodynamically less stable, dissolved Cr2O3 in the hot face periclase decomposes and forms chromium-rich metal droplets.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

MgO–C refractories have found widespread application in the
teelmaking industry. The beneficial effects of the presence of
arbon are explained by the following mechanisms: (a) carbon’s
on-wetting nature limiting slag penetration1–3; (b) a pressure
uild-up due to the evolution of carbon monoxide resisting slag
nd metal infiltration4 and (c) formation of a dense MgO layer
t the slag/brick interface physically preventing slag ingress.5,6

he experimental results and theoretical analysis indicates that
echanism (c) is more likely in basic oxygen furnace (BOF)

onditions.7

Kim and Lu7 reported that formation of a dense MgO layer
ehind the hot face is the most likely explanation for the
mproved slag resistance of MgO–C BOF refractories. On the

ther hand, Baker et al.8 pointed out that the conditions for for-
ation of such a layer in the AOD (or VOD) process did not

xist within the brick, owing to the low oxygen pressure in the
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ystem. Quon and Bell9 conducted slag resistance tests on the
gO–C bricks with a carbon content of 15–24 wt% in vacuum

t 1700 ◦C and stated that substantial MgO loss occurred in the
rick due to the periclase grains being in contact with the car-
on under vacuum conditions (reduction of MgO by carbon).
o MgO dense layer at the slag/brick interface was observed

n the tests leading to their conclusion that the gaseous Mg
as completely removed under vacuum. This suggests that the

ound performance of MgO–C bricks in primary steelmaking
nvironments cannot be extrapolated to VOD refining. Nonethe-
ess, the present authors10 succeeded in partially extending the
se of MgO–C bricks to the VOD process through industrial
esting and post mortem assessments. However, two drawbacks
hould be highlighted. The industrial studies only investigated a
OD slag practice using Al2O3-poor CaO–SiO2–MgO–Al2O3

CSMA) slags (<8 wt% Al2O3). Secondly, a number of impor-
ant parameters cannot be measured currently in the industrial
nvironment, and it is practically impossible to extract the role

f one specific parameter in industrial tests (e.g. Al2O3 level).

From a metallurgical point of view, Al2O3-rich CaO–SiO2–
gO–Al2O3 (CSMA) slags would be beneficial to the desul-

hurisation process as elevated Al2O3 levels in the slag increase

mailto:Muxing.Guo@mtm.kuleuven.be
dx.doi.org/10.1016/j.jeurceramsoc.2008.07.063
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Table 2
Chemical compositions of the (as-delivered) VOD slag initially charged in the
experiments as determined by ICP-AES (mass%)

MgO Cr2O3 Al2O3 FeO CaO SiO2 MnO TiO2

13.2 8.1 1.8 1.1 28 45 1.8 <0.5

Table 3
Chemical compositions and physical properties of pitch-bonded
magnesia–carbon refractory finger specimens (as-delivered)

Chemical composition (in wt%) Physical properties

92 MgO Bulk density: 3.1 g/cm3

5.5 C Apparent porosity: 6.0 vol%
<1 SiO2 Cold crushing strength: 40 N/mm2

<0.7 Fe2O3 –
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he lime solubility and sulphide capacity of the slag. Further-
ore, an industrial observational study has suggested that higher
l2O3 levels may contribute a better chromium recovery dur-

ng the reduction stage in the stainless steel EAF process and
hus probably also in VOD refining.11 However, the interaction
etween MgO–C refractories and Al2O3-rich CSMA VOD slags
which may influence the corrosion mechanisms of MgO–C

efractories by direct or indirect dissolution of magnesia – has
ot been thoroughly studied.

In the present paper, rotating finger tests by a vacuum induc-
ion furnace simulating VOD process conditions were performed
o investigate the interaction behavior between a pitch-bonded

gO–C and an Al2O3 rich (∼15 wt%) stainless steelmaking
lag. The possibility of forming a dense MgO layer behind
he brick hot face under VOD conditions was experimentally
tudied. On the basis of the experimental observations and ther-
odynamic analyses, a formation mechanism for spinel layers

t the slag/brick interface is proposed.

. Experimental

.1. Experimental conditions and procedure

Cylindrical refractory fingers (diameter 32; length 150 mm)
ere dipped into the corrosive slag and liquid stainless steel,

nd rotated for a certain number of cycles (rotation speed:
2 rpm). The experimental set-up and the detailed procedure
ave been reported in our previous work.12 The experimental
onditions are listed in Table 1. An alumina-chrome crucible
composition: 93 wt% Al2O3, 3.9 wt% Cr2O3; dimensions: Ø
75 mm × 220 mm) was used in the present tests resulting in
igh Al2O3 content slags. Approximately 15 kg of stainless steel
AISI 316), 1 kg of VOD-reduction slag (Table 2) supplied by
stainless steel company and a commercially available pitch-

onded MgO–C refractory were used in the tests. The chemical
omposition and physical properties of the MgO–C specimens
re given in Table 3. To simulate the atmosphere in the VOD
rocess, a gas mixture of CO and CO2 was blown into the fur-
ace at flowrates of 30 l/min CO and 1 l/min CO2, controlled by
ass-flow meters. The oxygen partial pressure was thus set to

e ∼10−10 atm. Three tests were carried out at distinct temper-
tures (Tests 1 and 2: 1710 ◦C; Test 3: 1650 ◦C) with exposure

imes of 15, 35 and 45 min, respectively.

Temperature profile of the crucible with a charge of 15 kg
tainless steel was measured in a separate melting test (Fig. 1),
evealing that in the present experimental conditions, the temper-

t
u
b

able 1
xperimental parameters and refractory materials for rotating finger tests in a vacuum

xp. no. Time (min) Temperature (◦C) PO2 (atm)

est 1 15 1710 4.28 × 10−10

est 2 35 1710 4.28 × 10−10

est 3 45 1650 1.48 × 10−10
Fig. 1. Temperature profile of molten steel bath in the experiments.

ture of the bottom slag zone was around 150 ◦C hotter than the
op slag zone as the thickness of the slag zone was around 40 (see
ig. 1). The top and bottom slag zone correspond, respectively,

o the gas/slag and slag/metal interface.

.2. Sample analysis techniques
The worn cylindrical refractory fingers were sliced into
hree pieces with a diamond saw. The slag zone sample was
sed for post mortem assessment. To evaluate the interaction
ehaviour in the different positions along the direction perpen-

induction furnace

Refractory materials Others

Steel mass: 15 kg
Slag mass: 1 kg

Pitch-bonded MgO–C Rotating speed: 12 rpm
Pressure: 500 Pa

Sample size: Ø 32 mm × 150 mm



M. Guo et al. / Journal of the European Ceramic Society 29 (2009) 1053–1060 1055

Table 4
Compositions of slag layer covered on the sample surface after completion of the test and composition of the infiltrated slag as determined by SEM-EDS (in wt%)

Sample MgO Al2O3 SiO2 CaO Cr2O3 C/S

CHS-1 21.0 ± 1.5 15.6 ± 1.4 29 ± 2 29 ± 2 5.4 ± 0.4 1.0
– – – – – –

CHM-1 – – – – – –
15.4 ± 0.5 12.7 ± 0.6 33 ± 2 37 ± 3 1.2 ± 0.2 1.1

CHS-2 18.5 ± 1.0 15.3 ± 1.0 30 ± 2 31 ± 1 4.5 ± 0.6 1.0
21.6 ± 1.1 10.0 ± 0.7 34 ± 1 33 ± 1 1.9 ± 0.1 1.0

CHM-2 12.2 ± 1.0 14.8 ± 1.2 35 ± 2 35 ± 3 3.7 ± 0.4 1.0
15.6 ± 1.4 17.8 ± 1.5 33 ± 2 34 ± 1 – 1.0

CHS-3 17.6 ± 0.7 12.0 ± 0.9 32 ± 2 34 ± 1 4.6 ± 0.3 1.1
21.9 ± 2.0 3.1 ± 0.3 37 ± 2 38 ± 2 – 1.0

CHM-3 16.4 ± 0.3 13.1 ± 0.5 33 ± 2 35 ± 2 3.2 ± 0.9 1.1
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17.9 ± 1.1 14.1 ± 1.2

ata in italics: compositions of the infiltrated slag; values for MnO and FeOx w

icular to the slag surface, two specimens were prepared from
ll slag zone samples. These consisted of the cross section at
he top (CHS) and the bottom (CHM) part of the slag zone. The
etails of analysis techniques, including semi-quantitative SEM-
DS analyses12 and electron probe micro analysis (EPMA)
DS analyses10 and slag analysis with inductively coupled
lasma atomic emission spectroscopy (ICP-AES),13 have been
iven in previous work. Slags attached to the refractory
pecimens surface and those infiltrated into bricks were mea-
ured with semi-quantitative SEM-EDS analyses (Table 4).
he results were obtained from at least four global analy-
es of the slag areas (selected scans covering ∼2500 �m2 per
nalysis).

. Results and discussions

.1. General overview of the MgO–C refractory/slag
nterface

Fig. 2 shows a general overview of the MgO–C refrac-
ory/slag interface after the experiments. SEM observation of
he interfaces reveals: (1) Removal of carbon by direct carbon
urnout did not occur due to the low oxygen partial pressure
uring the tests. Therefore, no decarburized zone existed at the
efractory hot face limiting excessive slag infiltration, particu-
arly for the top slag zone samples (see Fig. 2(a), (c) and (e)).
2) Slag penetration took place along the intragranular periclase
rain boundaries and open pores or cracks in the bricks. Tem-
erature and exposure time substantially affected the infiltration
evel, i.e. higher test temperatures and longer interaction times
ave rise to a more severe slag infiltration (see Fig. 2(d), slag
enetrated throughout the samples). (3) The presence of the
rregular shape of metallic particles mainly in contact with car-
on at the slag/brick interface corroborated the occurrence of

arbon oxidation by slags (Fig. 2(c), (e) and (f)). (4) The rough
rick surface, which was observed in the bottom slag zone spec-
mens (Fig. 2(b), (d) and (f)), indicated a substantial erosion of
he periclase grains in the vicinity of the brick hot face. This

M

F
f

36 ± 1 32 ± 1 – 0.9

nstantly lower than 1 mass% and therefore not given here.

s believed to be the result of the combined effect of high tem-
erature (Fig. 1: higher temperature at bottom slag zone than
t top slag zone) softening of any intragranular silicate bond,
nd the strong stirring at the slag/metal interface caused by the
etal induction leading to further erosion. (5) An almost contin-

ous MgO layer formed at the hot face in the bottom slag zone
pecimen of Test 1 (Fig. 2(b)) and Test 2 (Fig. 2(d)). Instead
f a dense MgO layer, a porous layer (see high magnification
mage from Fig. 3) was observed consisting of a large num-
er of fine MgO grains (5–50 �m) with a slag matrix. Little
overing slag layer was observed on the sample surface, presum-
bly because of the lower slag viscosity at higher temperatures
1710 ◦C). (6) A thin (20–50 �m) spinel layer (position A in
ig. 2(e), see its high magnification image from Fig. 4) was
ound at the slag/brick interface in the top slag zone specimen
f Test 3 (CHS3), probably due to the lowest temperature for
his specimen. Mechanisms for formation of the porous MgO
ayer and of the spinel layer are discussed in the following
ections.

.2. Formation of a MgO layer

A number of studies5,6,14 have indicated the beneficial pro-
ective effect of the MgO dense layer formed at the hot face of

gO–C bricks. This layer arises from the reduction of MgO by
to Mg vapor that is transported to the hot face where it is sub-

equently re-oxidized by oxygen in the atmosphere and/or by the
xidation of slag to fine grained dense MgO helping to prevent
lag/metal ingress. The experimental observation verified that
he reduction of MgO by C within the MgO–C bricks occurred
nder the present test conditions. During the tests, a substantial
olume of Mg vapor condensed as MgO in the cooler parts of the
acuum chamber, suggesting MgO loss occurred in the bricks
ue to reaction (1):
gO(s) + C(s) = Mg(g) + CO(g) (1)

ig. 2(b) and (d) clearly shows that MgO layer formed at the hot
ace for the samples of Tests 1 and 2 in the bottom slag zone
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ig. 2. Overview of worn samples of Tests 1, 2 and 3, showing the hot face at the t
= carbon; S = infiltrated slag; SL = slag layer; ML = MgO layer; Mp = metallic

f position A); R = resin.

osition. Baker et al.,8 however, reported that the conditions for
ormation of this layer did not exist within the bricks in VOD or
OD environment due to the low oxygen atmosphere, which was

imilar with the present experimental conditions. However, it is
ot surprising that oxygen can be supplied from the slag to the hot
ace through the reducible components in slag (e.g. Cr2O3, MnO
nd FeO), thus helping the reoxidation of magnesium vapor to
gO at the hot face, while causing precipitation of metallic

articles. This can be expressed by the following reactions:

Mg(g) + (Cr2O3)slag = 3MgO(s) + 2[Cr]metal (2)

g(g) + (MnO)slag = MgO(s) + [Mn]metal (3)
g(g) + (FeO)slag = MgO(s) + [Fe]metal (4)

igh magnification images (Fig. 3) of the MgO layers from
ig. 2(b) and (d), confirmed the above explanation. Fig. 3 shows,
ather than a dense MgO layer, a porous MgO layer consist-

T
i
t
t

S1, 2 and 3) and bottom (CHM1, 2 and 3) slag zone: Per = magnesia (periclase);
le; P = pore or crack; Sp = spinel layer (see Fig. 4, the high magnification image

ng of fine MgO grains and small (0.5–10 �m) metal particles
EDS analysis: 30–57 wt% Cr, 43–70 wt% Fe, 0–1.1 wt% Mn)
as present at grain boundaries within the slag matrix. Com-
ositional analyses by SEM-EDS indicate that the slag matrix
s depleted in Cr2O3, MnO and FeO (Table 5). Furthermore,
rowth of these fine MgO grains with reaction time was clearly
bserved as depicted in Fig. 3(a) and (b). As the holding time was
ncreased from 15 (Test 1) to 35 min (Test 2), the fine MgO grains
ispersed in the slag matrix coarsen and merge, leaving less slag
atrix and resulting in a larger (∼10 �m) metal particles at the
gO grain boundaries. Content changes of Cr2O3, MnO and

eO (with time, Table 5) in the slag between the fine MgO grains
urther indicate MgO formation through the reoxidation of Mg
apor by reducible slag components (e.g. Cr2O3, MnO and FeO).

he formation of this porous MgO layer at the refractory hot face

mplies that, under the present low oxygen pressure condition,
he oxygen level supplied through the slag is insufficient to meet
he demand of re-oxidising the entire volume of Mg vapor gen-
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Table 5
Compositions of slag between the fine MgO grains in loose MgO layer (in wt%), as determined by SEM-EDS

Sample Test condition MgO Al2O3 SiO2 CaO Cr2O3 MnO FeO

Initial slag 1710 ◦C, 0 min 13.2 ± 0.8 1.8 ± 0.1 45 ± 2 28 ± 1 8.1 ± 1.0 1.8 ± 0.2 1.1 ± 0.1
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HM1 1710 ◦C, 15 min 13.9 ± 1.0 15.5 ± 0.5
HM2 1710 ◦C, 35 min 13.1 ± 0.9 13.7 ± 0.7

rated from the MgO–C reaction (Eq. (1)) to form a dense MgO
ayer. As calculated by Kim and Lu,7 the rate of the dense MgO
ayer formation increases with temperature. This is probably
he predominant reason why the MgO layers were found only
n the bottom slag zone specimens (with higher temperature)
f Tests 1 and 2 (Fig. 2(b) and (d)). Obviously, the formation
nd destruction of the MgO layer may be caused by a number
f factors (e.g. oxygen pressure, temperature, slag composi-
ion) and careful control of conditions both inside and outside
he refractory are required to maintain the delicate balance
etween dense layer dissolution and formation.15 Due to the
ragile character of this MgO layer, it is speculated that it would
ot withstand the turbulent conditions in the VOD process.

lthough it may form thermodynamically, kinetic and mechan-

cal aspects would thus render it ineffective in the industrial
pplication.

ig. 3. Higher magnification images of MgO layer also shown in (a) Fig. 2(b)
nd (b) in Fig. 2(d), showing a porous layer of fine MgO grains with small metal
articles located at grain boundaries and a slag depleted in iron and chromium
xides: FG = fine MgO grain; S = slag; Mp = metal particle; P = pore or crack.
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31 ± 1 37 ± 1 1.2 ± 0.1 1.1 ± 0.1 <0.5
35 ± 2 38 ± 2 <0.5 <0.5 <0.5

.3. Formation of a spinel layer

Fig. 4 shows a dense spinel layer with variable composi-
ions at the slag/brick interface. The occurrence of this spinel
ayer could imply a lower wear rate of the MgO–C bricks in the
lagline, possibly enhancing their overall performance. How-
ver, only at the slag/brick interface in the top slag zone specimen
f Test 3 (CHS3) was such a solid spinel layer (20–40 �m thick)
ound (Fig. 4). As the final slag composition (Al2O3 and Cr2O3
ontent and C/S ratio, see Table 4) was almost identical for the
ifferent tests, this implies that temperature (apart from time)
as the only variable parameter. The lower the temperature, the
ore prone to spinel precipitation at the interface for the MgO,
l2O3 and Cr2O3 saturated slag. Taking the vertical tempera-

ure gradient over the refractory fingers into account (Fig. 1), the
emperature of the CHS3 sample can be estimated to be in the
icinity of 1500 ◦C, while that of CHS1 and CHS2 was approx-
mately 1560 ◦C. In the two latter samples, the spinel layer was
ot formed. The same is valid for the (warmer) bottom slag zone
pecimens (CHM1, 2 and 3).

.3.1. Composition of the spinel layer
Semi-quantitative analyses of the spinel layer in CHS3 shows

hat it is Mg(Al,Cr)2O4 spinel composed of approximately

6–69 wt% Al2O3 with 24–25 wt% MgO and 5–30 wt% Cr2O3
s demonstrated in Table 6. X-ray line analyses of the spinel
ayer (Fig. 5) reveal that the MgO content across the spinel
ayer remains unaltered while the Cr2O3 content substantially

ig. 4. BSE electron images of (Mg) (Cr,Al)2O4 spinel layer formed at
lag/refractory interface for the sample of CHS3 (high magnification images of
he position A in Fig. 2(e)): Per = periclase; S = infiltrated slag; Mp = precipitate
f Cr-rich metal; SL = slag layer; Sp = spinel layer; CMS = CaO·MgO·SiO2;

3MS2 = 3CaO·MgO·2SiO2; 1, 2 and 3 = spinel phases with different composi-
ions as shown in Table 6.
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Table 6
Three distinct compositions of the type MgAl2(1−x)Cr2xO4 spinels, with x
decreasing when moving away from the interior to the exterior spinel layer
(in Fig. 4), as determined by SEM-EDS (in wt%)

Phases MgO Al2O3 Cr2O3 X

1 24 (48) 46 (37) 30 (16) 0.30
2
3
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24 (47) 51 (40) 25 (13) 0.24
26 (48) 69 (50) 5.0 (2.4) 0.05

nit between ( ): at%.

ncreases with a simultaneous decrease in the Al2O3 level closer
o the magnesia refractory surface (along the path A–B). The
hromium-rich metal particles in Figs. 4 and 5, on the other hand,
re the result of decomposition of Cr2O3 both in the hot face per-
clase solid solution and in the spinel layer. This is a phenomenon
hat is caused by the low oxygen pressure (∼10−10 atm) and high
emperature conditions.

.3.2. Thermodynamic considerations
The formation of Mg(Al,Cr)2O4 spinel on periclase, when

ericlase is in contact with a CSMA slags, can be represented

y the reactions

gO(s) + (Al2O3) = MgAl2O4(s) (5)

gO(s) + (Cr2O3) = MgCr2O4(s) (6)

ig. 5. X-ray line analyses of the spinel layer at slag/brick interface: (a)
SE image of (Mg) (Cr,Al)2O4 spinel layer at slag/brick interface, (b) con-
entration profiles along the line A–B in (a) BSE image: Per = periclase;
lag; Mp = precipitate of Cr-rich metal; SL = slag layer; Sp = spinel layer;
MS = CaO·MgO·SiO2.
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here parentheses indicate a species dissolved in the slags. The
ibbs free energy changes for reactions (5) and (6) therefore

an be calculated by Eqs. (7) and (8):

G5 = �G0
5 + RT ln

aMgAl2O4
aMgO·aAl2O3

(7)

G6 = �G0
6 + RT ln

aMgCr2O4
aMgO·aCr2O3

(8)

here ai is the thermodynamic activity of species i, �G0
5 and

G0
6 are the standard Gibbs free energy changes for reac-

ions (5) and (6), respectively. The standard states for MgO,
l2O3 and Cr2O3 are taken herein as the pure solids at the

emperature of interest and the standard states for MgAl2O4
nd MgCr2O4 are taken as MgAl2O4 and MgCr2O4 saturated
ith respect to periclase (MgO) at the temperature of inter-

st. When MgAl2O4 and/or MgCr2O4 nucleate on periclase
gAl2O4 and/or MgCr2O4 are saturated with respect to MgO.

herefore, the activities of both MgAl2O4 and MgCr2O4 spinels
an be set equal to 1. The value of Al2O3 activity in CSMA slag
an be estimated by Eq. (9)16:

log aAl2O3 = −0.275(mass% CaO) + 0.167(mass% MgO)

(mass% SiO2) − 0.03(mass% Al2O3) − 1.56

(the correlation coefficient R = 0.89) (9)

y substituting the covered slag compositions of Test 3 (Table 4,
ample CHS3) into Eq. (9), aAl2O3 was calculated to be
.26. Taking the covered slag composition of sample CHS3
C/S ratio = 1.1 and Cr2O3 = 4.6 mass%) and the experimental
tmosphere ((PO2 = 1.48 × 10−10 atm) into account, the data
or the activity of Cr2O3 in the slag was estimated as 0.35
ccording to the measurements by Morita et al.17 The stan-
ard free energies were obtained from Rein and Chipman18

or �G0
5 (�G0

5 = −18, 800 − 6.3T J/mol), from Tretjakow
nd Schmalzried19 for �G0

6 (�G0
6 = −42, 929 + 7.1T J/mol),

espectively yielding the values of �G0
5 = −29, 970 J/mol and

G0
6 = −30, 340 J/mol at 1500 ◦C (the estimated temperature

or the sample CHS3). Substitutions of the standard free energy
�G0

5 and �G0
6) and activity (aMgO, aMgAl2O4 , aMgCr2O4 , aAl2O3

nd aCr2O3) values quoted above into Eqs. (7) and (8), give the
alues of the Gibbs free energy changes at 1500 ◦C for reac-
ions (5) and (6) as, respectively, �G5 = −10,123 J/mol and

G6 = −15,167 J/mol. Accordingly, it can be concluded that the
hermodynamic criterion for the formation of both MgAl2O4
Eq. (5)) and MgCr2O4 (Eq. (6)) spinels on periclase surface
t 1500 ◦C (which was the estimated temperature of Test 3
or top slag zone sample, CHS3) was satisfied. These were in
greement with the present experimental observations, in which
he Mg(Al,Cr)2O4 spinels were detected on the refractory hot
ace.

.3.3. Formation mechanism of the zoning spinel layer
High-temperature dissolution of refractory into slag can
e direct or indirect, depending on whether or not a solid
ompound (e.g. spinel) layer forms at brick/slag interface.20

ormation of CA6 and hercynitic spinel layers was observed
t alumina/silicate slag (iron-containing) interfaces.21,22 On the
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ther hand, Zhang and Lee23 reported that the dissolution of
agnesia into EAF model slag is essentially indirect due to the

ormation of magnesiowustite layer between MgO and slag.
imilarly, a zoning spinel layer was detected in the present
ork. According to the compositional analysis results with

espect to the zoning spinel (Fig. 4), periclase grains and the
lag attached on the sample, mechanisms of the zoning spinel
ormation on the hot face periclase grains are proposed as fol-
ows.

Initially, magnesia grains take up Cr2O3 from the slag to form
periclase solid solution. Al2O3 also dissolves in magnesia,

lbeit to a much lower extent due to the lower affinity of magnesia
or Al2O3 (higher binding energy of MgO with Cr2O3 than with
l2O3).24 Table 7 shows that the periclase solid solution with

pproximately 3–5 mass% Cr2O3 and 0 to 3 mass% Al2O3 is in
ontact with the spinel layer. Homer and Richardson25 studied
he reaction of synthetic spinels with magnesia at high temper-
ture and found that very little Cr3+ diffuses out from the spinel
MgCr2O4) to the MgO. Therefore, the dissolved Cr2O3 and
l2O3 (in the periclase grains) would arise from the diffusion
f Cr2O3 and Al2O3 from the slag in contact with the periclase
rains prior to the spinel formation. Once the solubility limit
f Cr2O3 in the periclase is exceeded Cr2O3 starts to forms a
eparate compound (Cr2O3·MgO spinel) with MgO, owing to
he stronger affinity of MgO for Cr2O3 than for Al2O3 at the
resent elevated temperature (see the values of �G5 and �G6).
n the other hand, because of the lower solubility of Al2O3 in
agnesia (Table 7) and a negative Gibbs free energy change of
q. (5) (�G5), an Al2O3·MgO spinel can also be formed imme-
iately when it is in contact with MgO. Furthermore, since the
ericlase grains took up much more Cr2O3 than Al2O3 from
he slag and the originally higher content of Al2O3 than that of
r2O3 in the slag (see Table 4), the slag in contact with the peri-
lase is richer in Al2O3 with reference to Cr2O3. The first spinel
Fig. 4, spinel phase 1) formed will, therefore, not only contain
r2O3 but also Al2O3, i.e. MgAl2(1−x)Cr2xO4—as described in

eaction (10):

MgO(s) + (1 − x)(Al2O3)slag + x(Cr2O3)slag

= MgAl2(1−x)Cr2xO4

with x = 0.30 (Table6, spinel phase 1) (10)
he further supply of additional Al2O3 from the slag, with
espect to a limited Cr2O3 supply, results in the formation of
second spinel (Fig. 4, spinel phase 2) that is richer in alu-
inium with respect to the first one, as shown in reaction

able 7
ompositions of the periclase solid solution in contact with spinel layer, as
etermined by EPMA (in wt%)

oints MgO Al2O3 Cr2O3 FeO MnO

90.1 2.1 5.3 0.3 0.9
92.9 2.5 3.0 0.1 0.8
95.1 1.0 3.2 0.0 0.6
93.3 2.0 3.5 0.0 0.9
95.2 0.0 3.6 0.0 0.9

M
i
a
r
r
i
a
s
e
i
o
s
f
c

olid dot (�) the compositions of spinel numbers 1, 2 and 3 in the correspond-
ng spinel zone in Fig. 4; dotted-line with arrow shows evolution of spinel
ompositions during its formation at 1500 ◦C for the sample CHS3.

11):

MgO(s) + (1 − x)(Al2O3)slag + x(Cr2O3)slag

= MgAl2(1−x)Cr2xO4

with x = 0.24 (Table6, spinel phase 2) (11)

he local slag composition is now strongly impoverished in
r2O3 which is the result of its local absorption into the
ericlase solid solution and into the two former spinels. Sub-
equently, an external third spinel may be formed. SEM-EDS
nalyses reveal that this is almost pure MA spinel (see Table 6,
pinel phase 3, MgAl2(1−x)Cr2xO4 with x = 0.05). On the other
and, ions of Cr3+ dissolved in the hot face of periclase
rains and in the spinel are decomposed to the metallic state
see Fig. 4) because of the low oxygen pressure conditions
10−10 atm).

Formation of the zoning spinel with three different com-
ositions (Fig. 4) can be further understood through the
gO–Al2O3–Cr2O3 diagram (1700 ◦C, see Fig. 6).26 Note that

n the present specimen (CHS3) the estimated temperature is
pproximately 1500 ◦C, at which the single spinel solid solution
egion in the MgO–Al2O3–Cr2O3 phase diagram could be nar-
ower than at 1700 ◦C. SEM-EDS analyses (Table 6) are marked
n Fig. 6 and illustrate the evolution of the spinel composition
long the layer from the interior to the exterior spinel. The first
pinel type is rich in Cr2O3 (Point 1). This spinel, which is in
quilibrium with the periclase solid solution grains (composition
n mass%: 95–97 MgO; 3–5Cr2O3; 0–3 Al2O3), consumes a lot

f Cr2O3 from the slag so that the local Cr2O3/Al2O3 ratio in the
lag in contact with the formed first spinel decreases. Therefore,
urther spinel formation can only proceed with higher Al2O3
ompositions (Point 2) up to nearly pure MgAl2O4 (Point 3).
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owever, to attain a complete understanding of these complex
henomena, further kinetic considerations need to be consid-
red.

. Conclusions

The contribution of the external oxygen source (from atmo-
phere and/or slag) to the decarburization of the MgO–C
efractory was limited under the present test conditions. Indi-
ect oxidation of carbon by the MgO–C reaction in the bulk of
he brick was the main decarburization mechanism.

The erosion of the periclase grains from the brick surface
o the slag phase occurred in the bottom slag zone specimens,
wing to the high temperature softening of any intragranular sil-
cate bond and strong agitation at the slag/metal interface caused
y the metal induction.

A porous MgO layer (instead of a dense MgO layer) was
ormed at the hot face of the MgO–C bricks. This implies that
nder the present low oxygen pressure conditions, the oxygen
upply from the slag is insufficient to meet the demand of reoxi-
ising the entire volume of Mg vapor generated from the MgO–C
eaction to form a really dense MgO layer. Under industrial and
urbulent conditions, the present MgO layer would presumably
e ineffective in retarding slag infiltration.

A spinel layer with zoning was observed at the slag/brick
nterface in the top slag zone specimen of Test 3 (CHS3). Ther-

odynamic calculation with respect to the Gibbs free energy
hange for the formation of Mg(Al,Cr)2O4 spinels has confirmed
he interpretation present experimental observation.

Based on the compositional analysis results, a formation
echanism for formation of the zoning spinel layer is proposed.

nitially, hot face periclase grains dissolve (or take up) Cr2O3,
nd to a much lesser extent, Al2O3 from the slag to form per-
clase solid solution. Once the solubility limits of Cr2O3 and
l2O3 in the periclase are exceeded, further diffusion of Cr2O3

nd Al2O3 from the slag establishes a spinel layer of three dis-
inct compositions of the type MgAl2(1−x)Cr2xO4 spinel, with
decreasing on moving from the interior to the exterior spinel

ayer. Due to the low oxygen pressures, the thermodynamically
ess stable, dissolved Cr2O3 in the hot face periclase decomposes
nd forms chromium-rich metal droplets. To further assess the
onditions for the spinel formation and its industrial relevance,
urther kinetic studies are required.
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