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Abstract

Reactions on firing MgO-C refractories with added Al, Si and B4C have been predicted by thermodynamic calculations and
observations made of microstructures given equivalent treatments. At 1200 and 1500°C, addition of Al leads to generation of
Al4Cs, AIN, Al,0O3 and magnesium aluminate spinel, MA. Gaseous species, such as Al(g), participate in their formation processes
as predicted and suggested by their morphologies. For example, AIN occurs as whiskers and MA as fine precipitates in the matrix
and as surface layers on MgO aggregates. Additionally, Al,O3 and Al4C; shells occur surrounding porous cores at the location of
the original Al particles. At 1200°C, addition of Si leads to formation of SiC, SisNy, SiO, and forsterite, M>S. These phases are still
present at 1500°C except for SisN4 which is not thermodynamically stable. Gaseous species such as SiO(g) were also involved in
formation of these product phases as predicted and suggested by their morphologies. M,S occurred as fine precipitates in the matrix
and as a layer on MgO aggregate surfaces. SiO, formed either directly as a layer on Si particles or indirectly as a shell around a SiC core.
Thermodynamic calculations predict that at 1200 and 1500°C B,4C reacts with N, from the atmosphere to form BN and/or with CO from
the atmosphere to form B,O3 which further reacts with MgO to form low melting 3MgO.B,03, M3B. M;3B becomes liquid > 1350°C and
takes up impurities from MgO and/or graphite raw materials, forming more liquid, which will be detrimental to the refractories corro-
sion resistance. M3;B was detected in the microstructures but there was no direct evidence of BN formation and its reaction with CO.

Gaseous species such as B,O3(g) were also involved in M3;B formation. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

MgO-C refractories are widely used in both basic
oxygen and electric arc primary steelmaking furnaces
for their excellent thermal shock resistance and slag
resistance. However, due to the presence of carbon, the
refractories suffer two main drawbacks, low mechanical
strength and poor oxidation resistance. To overcome
these, so-called antioxidants are added to the powder
batches during brick fabrication.

Antioxidants often used in MgO—C refractories include
metals/alloys (such as Al, Si, Mg and Al/Mg alloy), car-
bides (such as B4C and SiC), and boron-based com-
pounds (such as CaBg and ZrB,).!~ These antioxidants
function in different ways during the refractories use.
Early thermodynamic analyses on the AI-C-O and Si—

* Corresponding author. Tel.: +44-114-2225474; fax: +44-114-222
5943.
E-mail address: w.e.lee@sheffield.ac.uk (W.E. Lee).

C-O systems® revealed that Al and SiC (or Si) suppress
carbon oxidation in two main ways. Firstly by reducing
CO to C, and secondly by decreasing porosity (and so
limiting permeation by oxidising gases) via volume
expansions and C precipitation accompanying the reac-
tion of Al or SiC(or Si) with CO. Later studies of the
Al-C-O-N system’ revealed that Al either reacts with C
to form Al4C5 or with N, from the atmosphere to form
AIN, and the Al4C; and AIN further reduce CO to C
and themselves oxidise to become Al,O5. The reduction
of CO to C contributes to the carbon oxidation inhibi-
tion, and the formation of reaction products such as
AIN, Al4C; and AlL,O; to the improved mechanical
strength.” Yamaguchi extended his study of the Al-C—
O-N system and also examined Si—-C-O-N and Zr—C-
O-N systems® discussing the influence of temperature
and partial pressures of CO (or O,) and N, on the sta-
bility of metals, carbides and oxides. This work showed
that the antioxidants not only act as CO reducing agents,
but also encourage the formation of an oxide dense layer
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at the hot face, both mechanisms inhibiting carbon oxi-
dation. B4C, as an additive, reacts with CO to form B,O3
which reacts with MgO to form low melting 3Mg0O.B,0;
(M3B).” B,O; and/or M3B phases are liquids at high
temperatures, their formation blocks open pores and/or
covers the carbon surface and thus suppresses its oxi-
dation. For metal alloy additives, the reaction mechanism
may be considered as a combination of the mechanism of
each component. Depending on the reactivity of each
component with CO (or O,), they will function at a dif-
ferent stage.'® For example, if an Al/Si alloy is added, the
Al in the alloy acts first as the antioxidant. Once the Al
is exhausted, Si begins to work as the antioxidant.!?
Later thermodynamic calculations on the behaviour of
metal antioxidants predict similar reaction mechanisms
to those suggested by Yamaguchi.!'=14
Thermodynamic calculations cannot only be used to
predict the reaction behaviour of antioxidants at high
temperatures, but also can assist selection of proper
antioxidants for carbon-containing refractories. Their
drawback is that they do not provide any information
on the microstructural morphology and distribution of
each reaction product formed and so cannot reveal the
effect of antioxidants on MgO—C bricks microstructure
at high temperatures. To fully understand the reaction
mechanisms of antioxidants at high temperatures, both
thermodynamic analyses and microstructural examina-
tion are needed. However, compared with the extensive
work on the former, that on the latter,!> or on both,!® is
limited. Consequently, current understanding of the reac-
tion sequences and microstructural evolution is far from
complete. Therefore, in this paper, the high-temperature
reaction processes of Al, Si and B4C in MgO-C refrac-
tories have been predicted using the FACT (Facility for
Analysis of Chemical Thermodynamics) package,!” and
their influence on the microstructures of the MgO-C
bricks has been examined using X-ray diffraction ana-
lysis (XRD), scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS) techniques.

2. Experimental and calculation procedures
2.1. Raw materials and refractories fabrication

Fused magnesia, sintered magnesia, and graphite flake,
with chemical compositions shown in Table 1, comprised

the basic mix. The following additives (>98% pure)

Table 1
Chemical composition of the basic raw materials (wt.%)

were made individually: 5 wt.% Al, 5 wt.% Si, or 5
wt.% B4C. 3 wt.% phenolic resin (Borden (UK), Ltd.
Southampton, UK) was used as a binder. The basic
materials (40 wt.% fused MgO, 40 wt.% sintered MgO
and 20 wt.% graphite) and additives were mixed and
pressed following the standard commercial practice.
Applied compacting pressure was 270 MPa. After press-
ing, the bricks were cured at 270°C for 1 h. The appar-
ent porosities of the bricks were ~4 vol.%, and the bulk
densities ~2.8 g/cm?3.

2.2. Refractories heat-treatment and microstructural
characterisation

Cubes (~15x15x15 mm) were cut from the cured
bricks, embedded in carbon powder in an alumina cru-
cible ($60x80 mm) with a lid, and heated to 1200 and
1500°C respectively, at 2°C/min. Soaking times at both
temperatures were 3 h. After heating, the furnace was
allowed to cool to room temperature at about 2°C/min.
The fired samples were then mounted in cold setting resin
and standard ceramographic grinding and polishing tech-
niques used. The polished and fracture surfaces of all
samples were carbon-coated and examined in back-
scattered electron (BEI) and secondary electron imaging
(SEI) modes in a Camscan Series 2A SEM. EDS analy-
sis was performed in the Camscan using a LINK detec-
tor and AN10000 package and in the JEOL 6400 using
its windowless EDS detector. XRD (Philips powder
diffractometer 1710 with Ni filtered CukK, radiation)
was also conducted to assist identification of the phases
formed in the microstructures.

2.3. Thermodynamic calculation

Equilibrium thermodynamic calculations were per-
formed using the FACT package.!” The Gibbs energy
minimization module EQUILIBRIUM was used together
with the FACT databases. The atmosphere in the carbon
powder bed is approximately 35% CO +65%N.,'# so this
composition was used in all calculations to model the
atmosphere surrounding the samples. A small amount
of Ar gas (5 wt.%) was included in the calculations to
ensure the calculations converged but without affecting
the reaction processes. In the case of B4C additions, the
soln-slag database was used for MgO-B,03; melt. As
will be discussed elsewhere,!® at high temperatures, the
impurities (~3 wt.%) in the bricks may interact with

MgO C SIOz A1203 F6203 CaO MH304 8203
Fused magnesia 97.55 - 0.37 0.03 0.06 1.86 0.11 0.004
Sintered magnesia 96.88 - 0.48 0.06 0.14 2.20 0.14 0.008
Graphite flake 0.13 96.80 1.50 0.55 0.73 0.15 - -
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grain phases and antioxidants, forming small volumes
of liquid, which may affect the high-temperature prop-
erties. However, this liquid is not believed to affect the
primary reaction mechanisms of the antioxidants and
the resulting microstructural evolution so that it was not
included in the thermodynamic calculations described
here. The calculations considered 100 g of refractory and
examined the changes in predicted phase constitutions
consequent on successive additions of the atmosphere
(increase of 4/R). When A/R=1.0, the calculation was
carried out with 100 g refractory and 10 g atmosphere.
The results were plotted as log mole number of species
versus A/R. Varying A provides a reservoir of gas to
interact with the refractory, varying pO, in a way which
relates to the gas phase present at the brick surface
during the experiments.

3. Results

3.1. Thermodynamic prediction of phase changes at high
temperatures

Fig. 1 shows predicted phase changes of the Al added
sample at 1200°C with 4/R. Al metal is not stable at
this temperature. When A4/R is close to zero, the amount
of Al4Cs is high, whereas AIN and MgAl,O4 (MA) spi-
nel contents are close to zero. With increasing 4/R, the
Al4C5 content decreases whereas AIN and MA contents
increase. When 4/R increases to ~0.32, the amount of
Al,C; abruptly drops to zero. Thereafter, on further
increasing 4/R, MA still increases, whereas AIN gradu-
ally decreases. The amount of carbon (C) increases slightly
with increasing 4/R, especially when the 4/R is below
~0.32 (i.e. before Al4C; disappears). When 4/R is lower
than ~0.32, the partial pressures of N, and CO are
<10=¢ atm. The partial pressure of Mg(g) is low
(<1073 atm). Predicted phase changes at 1500°C (Fig. 2)
are similar to those at 1200°C although the partial
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Fig. 1. Phase changes of MgO-C brick containing 5 wt.% Al at
1200°C with A/R.

pressure of Mg(g) is higher (1073-10~* atm) than at
1200°C.

In the Si added sample at 1200°C (Fig. 3), Si is not a
stable phase and when A4/R is close to zero, the SiC
content is high whereas SisN,; and Mg,SiO4 (M»S) for-
sterite contents are very low. With increasing A/R, SiC
drops off and Si;sN4; and M,S increase. When A/R
increases to ~0.42, the amount of SiC abruptly decrea-
ses to zero. Thereafter, M,S still increases with A/R
whereas Si;N4 decreases. Similar to the Al addition, the
C content increases slightly with increasing A/R, espe-
cially when A/R is below ~0.42 (i.e. before SiC dis-
appears). When A/R is lower than ~0.43, the partial
pressures of N, and CO are <107° atm. The partial
pressure of Mg(g) is also low (<1075 atm) at this tem-
perature. At 1500°C, the predicted phase changes are
somewhat different (Fig. 4). Si and Si;Ny4 are not stable
in the system and with increasing A/R, SiC decreases
whereas M,S increases. Partial pressures of Mg(g)
(>107* atm) and SiO(g) (10~°-10—* atm) become sig-
nificant at this temperature.

In the B4C added sample at 1200°C with increasing
A/R, B4C content decreases whereas BN and M3;B
increase (Fig. 5). When 4/R increases to ~0.66, the B,C
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Fig. 2. Phase changes of MgO—-C brick containing 5 wt.% Al at
1500°C with A/R.
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Fig. 3. Phase changes of MgO-C brick containing 5 wt.% Si at
1200°C with A/R.



1040 S. Zhang et al. | Journal of the European Ceramic Society 21 (2001) 1037-1047

disappears, and then with increasing 4/ R, the amount of
M;B increases gradually whereas BN decreases slightly.
With increased temperature (1500°C), similar phase
changes are predicted (Fig. 6), although at this tempera-
ture, a magnesioborate liquid appears. With 4/R ~0.62,
the B4C disappears, and with increasing A/R, the BN
and liquid phase contents both decrease slightly. The
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Fig. 4. Phase changes of MgO-C brick containing 5 wt.% Si at
1500°C with A/R.
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Fig. 5. Phase changes of MgO-C brick containing 5 wt.% B,C at
1200°C with 4/R.
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Fig. 6. Phase changes of MgO-C brick containing 5 wt.% B4C at
1500°C with A/R.

Mg (g) partial pressures (107°-10"%atm) at this tem-
perature are much higher than at 1200°C (< 10~° atm).

3.2. Microstructures

3.2.1. As-cured microstructure

Fig. 7 shows typical BEI microstructures of the MgO—
C samples after curing for 1 h at 270°C. Between the
larger angular MgO grains (>300 pm, light gray con-

00013 TUUNR s

Fig. 7. BEI of MgO-C samples after curing for 1 h at 270°C. (a) Al
addition; (b) Si addition; (c) matrix part of the B4C added sample.
FM; fused magnesia, SM; sintered magnesia, G; graphite.
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trast), is the matrix composed mainly of graphite (dark
contrast), fine MgO (<50 pum, light gray contrast) and the
antioxidants (white angular Al or Si particles in Fig. 7a or
b, or black angular B4,C grain in Fig. 7c). A few Fe-
containing silicate impurities (bright contrast) were also
found between the graphite or inside some MgO aggre-
gates. The impurities were from the MgO and graphite
raw materials and though their contrast was similar to
that of the Al or Si metal additives, they could be easily
distinguished by EDS.

3.2.2. Fired microstructure

3.2.2.1. With Al additive. Samples heated at 1200°C
(Fig. 8) reveal only a few unreacted white angular Al
crystals remaining in the matrix. The morphologies of
the product phases (Al4C5; and Al,O3 ) formed in the
matrix are revealed at higher magnification (Fig. 9). All
were spheroidal located presumably at the site of the
original Al metal. Some of these consisted of an Al,O3
shell surrounding an Al4C5 core (Fig. 9a) others were solid
Al4C5 (Fig. 9b), and others were an Al,Os shell containing
Al particles (white contrast in Fig. 9¢). Central voids or
pores formed the cores inside Al4C; (Fig. 9a) or AlL,O3
shells (Fig. 9¢). Besides Al4C; and Al,O3, AIN whiskers
formed between the graphite flakes and on Al4Cs grain
surfaces (Fig. 10). At this temperature, cuboidal MA spi-
nel was only occasionally observed (Fig. 11).

The microstructures after 3 h at 1500°C were similar
to those at 1200°C, although little Al remained and
more spinel had formed (Fig. 12). Higher magnification
(Fig. 13) reveals that as well as in the matrix much MA
precipitated on the large MgO aggregate surfaces. Al4Cs
cores and Al,Os shells were also found, and EDS ana-
lyses revealed small amounts of MA in the Al,Oj3 shells.

3.2.2.2. With Si additive. After 3 h at 1200°C, much
unreacted Si still remained in the brick matrix, although
product phases such as SiC, SiO, and M,S had begun to
form (Fig. 14). Higher magnification of the matrix

=

MCA11200 00007 300pm

Fig. 8. BEI of Al added sample after 3 h at 1200°C. Al,C; with an
Al,O5 shell was found in the matrix.

(Fig. 15) reveals that a SiO, shell formed on the SiC or
occasionally on the unreacted Si surface. Additionally,
Si3N,4 whiskers coexisting with SiC grains were observed
(Fig. 16). At this temperature, M,S was only occasion-
ally found on some MgO grain surfaces. When the
temperature increased to 1500°C, only a little unreacted
Si remained and more SiC and SiO, phases formed in
the matrix (Fig. 17). Unlike at 1200°C, Si;N4 was only

MCA11200 00006

Fig. 9. Microstructural morphologies of Al,C; and Al,O3 formed in
the matrix of Al added sample after 3 h at 1200°C. (a) An Al4C; core
with a pore in its center, was covered by an Al,O; shell (SEI); (b) a
solid Al4C;5 grain was covered by an Al,Oj3 shell (BED); (c) an Al,O3
shell with Al particles, enclosed a pore (BEI). P, pore.
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1200 5% Al 00015

Fig. 10. AIN whiskers formed in the Al added sample after 3 h at Fig. 13. Higher magnification BEI of the sample shown in Fig. 12,
1200°C (SEI). Note AIN formed between graphite flakes and on Al,Cs showing more MA spinel precipitated in the matrix and on the MgO
grain surfaces. aggregate surfaces. Al4Cs cores and Al,O5 shells were also found.

Ol ol |
N
1200 5% Al2 00014 10pm
Fig. 11. MA spinel was occasionally found on the fracture surface of Fig. 14. BEI of the Si added sample after 3 h at 1200°C. Many
the Al added sample after 3 h at 1200°C (SEI). unreacted Si grains still remained in the sample, although SiC and

SiO, began to appear. Mg;SiO, forsterite (M,S) was occasionally
found in the sample.

Fig. 12. BEI of the Al added sample after 3 h at 1500°C, showing the Fig. 15. Higher magnification BEI of the matrix shown in Fig. 14,
formation of Al4,C; and MA spinel. showing SiO, shell covered SiC or unreacted Si grain.
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y

Fig. 16. Si3N4 whiskers observed on the fracture surface of the Si
added sample after 3 h at 1200°C (SEI).

MCSI1500 00015 SO0PM

Fig. 17. BEI of the Si added sample after 3 h at 1500°C. Only a little
unreacted Si remained in the sample. More M,S was found, although
its morphology could be seen more clearly from Fig. 18.

occasionally detected (not shown), and more M,S was
detected in the matrix and on the large MgO aggregate
surfaces (Fig. 18).

3.2.2.3. With B,C additive. After 3 h at 1200°C,
unreacted B4C (black angular grain) could still be
observed. However, unlike with Al and Si additions,
there was no obvious oxide shell covering the unreacted
B4C. Dark gray laths of M3B were located on some
MgO aggregate surfaces (Fig. 19). When the tempera-
ture was increased to 1500°C, a few unreacted B,C
grains still remained in the matrix, but a greater amount
of M;B was observed both in the matrix and on the
MgO aggregate surfaces (Fig. 20). Some silicate phase
(white contrast) coexisting with the M3B was also
observed. EDS revealed that it mainly comprising Mg,
Ca, B, Si and a small amount of Fe.

MCSI1500 00014 100p

Fig. 18. M,S precipitated in the matrix and on the MgO aggregate
surfaces of the sample shown in Fig. 17 (BEI).

- .
MCB1200 00007 100pm

Fig. 19. BEI of the B,C added sample after 3 h at 1200°C. 3MgO.B,0;
(M;B) phase began to form on the MgO aggregate surface.

Fig. 20. BEI of the B,C added sample after 3 h at 1500°C. Greater
amount of M3B formed in the matrix and on the MgO aggregate sur-
faces. S=silicate.
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4. Discussion

4.1. Comparison of thermodynamic predictions and
microstructural observations

4.1.1. With Al additive

Thermodynamic calculations indicate (Figs. 1 and 2),
when 4/R is close to zero, Al4C; is the main stable solid
phase along with MgO and C. Physically this corre-
sponds in the real sample to the situation when the
atmosphere has not diffused into the sample. In this case
Al initially reacted with C to form Al;C; [Reaction (1)].

4A1(s, 1) + 3C(s) = Al4Cs(s) (1)

When 4/R is between 0 and ~0.32, the partial pressures
of N, and CO are very low (<107° atm), and with
increasing A/R in this range, the amount of Al,C;
decreases and that of AIN, MA and C increase (Figs. 1
and 2), indicating that with more gaseous diffusion into
the sample, the Al;C5 reacted with N, from the atmo-
sphere to form AIN [Reaction (2)] or was directly oxidised
by CO to Al,O; [Reaction (3)] which further reacted
with MgO in the brick to form MA [Reaction(4)].

AL Cs(s) + 2No(g) = 4AIN(s) + 3C(s) ©)
ALC5(s) + 6CO(g) = 2AL,05(s) + 9C(s) 3)
ALO;(s) + MgO(s) = MgALOy4(s) @)

The formation of Al,Oz on the surfaces of Al4Cs
cores (Fig. 9a) or as porous shells (Fig. 9¢) and the for-
mation of MA (Figs. 11-13) verified the oxidation of
Al,Cs, and the precipitation of AIN whiskers on the
Al4C; grain surface (Fig. 10) indicated the transforma-
tion of Al4Cs; to AIN. Moreover, the morphologies of
AIN (whiskers, Figs. 10 and 11) and MA (precipitating
on the MgO aggregate surfaces, Figs. 12 and 13). sug-
gested that gaseous species such as Al(g) were involved
in the net reaction processes indicated by Reactions (2)—
(4). Yamaguchi’ suggested that the partial pressure of Al
(g) in equilibrium with Al4C5 is high, therefore, before the
Al4C; reacted with the atmosphere, Al(g) evaporated
from it (Reaction(5)) and diffused throughout the sample.
Later, as the atmosphere diffuses around the sample, the
Al(g) either reacted with N,, leading to precipitation of
AIN whiskers [Reaction (6)], or reacted with MgO and
CO surrounding the MgO aggregate, leading to the pre-
cipitation of MA on the MgO aggregate surfaces
[Reaction (7)]. At 1200°C, only a small amount of MA
formed in the brick, indicating that kinetic factors were
hindering its formation [e.g. Reaction (7)]. When the
temperature was increased to 1500°C, the partial pres-
sure of Al(g) in equilibrium with Al,C; increases’, and
that of Mg(g) also becomes significant due to the MgO—

C reaction!® [Reaction (8)] (Fig. 2). Therefore, besides
the gas—solid reaction process [Reaction (7)], a gas—gas
reaction process [Reaction (9)] began to contribute to
the MA formation.

Al4Cs(s) = 4Al(g) + 3C(s) (5)
2Al(g) + Na(g) = 2AIN(s) (6)
2Al(g) + MgO(s) + 3CO(g) = MgALOy(s) + 3C(s)  (7)
MgO(s) + C(s) = Mg(g) + CO(g) ®)

2Al(g) + Mg(g) + 4CO(g) = MgAl,04(s) + 4C(s) )

Reaction (7) was considered to be responsible for
precipitation of MA on the MgO aggregate surfaces
(Figs. 12-13), and Reaction (9) for precipitation of MA
in the matrix (Fig. 13) due to easier transport of the
vapour species, both contributing to greater formation
of MA at 1500°C.

Calculations indicate that when A/R increases to
~0.32, the amount of Al4C;5 abruptly decreases to zero,
thereafter further increasing A/R, the amount of MA
still increases whereas that of AIN decreases. In the real
sample, this means that when this amount of atmosphere
diffused into the refractory, all of the Al;C; would be
changed to AIN according to Reaction (2) and/or oxidised
to Al,O; according to Reaction(3). Further increasing the
CO and N, vapour contents of the atmosphere, leads to
the AIN, instead of Al4Cs, being oxidised to Al,O;
[Reaction (10)] which further reacted with MgO to MA
[Reaction (4)].

2AIN(s) + 3CO(g) = ALOs(s) + Na(g) + 3C(s)  (10)

There was no direct microstructural evidence for the
occurrence of Reaction (10). This may be due to kinetic
factors so that Al4C; still remained (Figs. 8, 9, 12 and 13),
therefore, before it disappeared, the AIN was a stable
phase (Figs. 1 and 2).

Another notable feature of the Al added sample is the
formation of the Al4C; cores and/or Al,Oj3 shells in the
matrix (Fig. 9a and c¢). The following mechanism was
suggested?® for Al4C; shell and pore formation: Al
initially reacts with C to form an Al4C; shell and Al(]) is
enclosed in the shell; next cracks form in the weakest
parts of the shell due to the volume expansion mismatch
between Al and Al4Cs, and finally Al(g) evaporates
from the Al(I) and escapes the shell through the cracks
and thus leaving a pore in the centre. However, careful
examination of the microstructures shown in Fig. 9
found that this mechanism cannot explain some features
observed here. For example, it cannot explain why for
two Al grains with similar size, a pore formed in one
(Fig. 9a) but not in another (Fig. 9b). Based on the
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microstructural results in this study, the shell and pore
formation mechanisms are suggested to be as follows.
At high temperatures, Al reacts with C to form an
Al4C; shell [Reaction (1)] or occasionally reacts with
CO directly to form an Al,Oj5 shell [Reaction (11)].

2A1(1) + 3CO(g) = AL Os(s) + 3C(s) (11)

If the Al4C5 shell forms, and if it is not quickly oxi-
dised by CO, it will continue growing and finally
become a solid Al4C; grain (Fig. 9b). On the other
hand, if it is quickly oxidised by CO, because the oxi-
dation [Reaction (3)] leads to a large volume expansion
(~93.5%), the Al,O3 shell has low density and may
contain cracks or micropores (see Fig. 9a). Conse-
quently, when the oxidation frontier (the Al,O5 shell)
reaches the Al(I) enclosed in the Al4Cs shell (see the
places indicated by two arrows in Fig. 9a), the Al(g) will
evaporate and get out through the cracks or micropores
in the Al,O; shell and thus leave a pore in the centre
(Fig. 9a). The mechanism is similar for formation of an
Al,O5 shell, because the Al(l) oxidation reaction [Reaction
(11)] is also accompanied by a large volume expansion
(~142%), leading to the formation of a porous and crack-
containing Al,O5 shell (Fig. 9c¢).

4.1.2. With Si additive

As shown in Fig. 3, at 1200°C, when the CO and N,
level is close to zero, SiC is the main stable solid phase
along with MgO and C. In the real sample, this means
that before the atmosphere diffused into the sample, the
Si initially reacted with C to form SiC [Reaction (12)].

Si(s) + C(s) = SiC(s) (12)

When 4/R is between 0 and ~0.42, the partial pres-
sures of N, and CO are very low, and with increasing A/ R
in this range, the amount of SiC decreases and Si;N,4 and
M;S levels increase (Fig. 3), indicating that with more CO
and N, diffused, the SiC reacted with N, from the atmo-
sphere to form SizsNy4 [Reaction (13)] or with CO (g) from
the atmosphere to form SiO, [Reaction (14)] which further
reacted with MgO to form M,S [Reaction (15)].

3SiC(s) + 2Na(g) = SisNu(s) + 3C(s) (13)
SiC(s) + 2CO(g) = SiOs(s) + 3C(s) (14)
Si05(s) + 2MgO(s) = Mg, SiOx(s) (15)

When A/R increases to ~0.42 at 1200°C, all of the
SiC is changed to SisN4 and/or SiO», so the amount of
SiC abruptly decreases to zero, thereafter, the amount
of M,S still increases whereas that of Si;Ny decreases

(Fig. 3). This indicates that after all of the SiC is chan-
ged to SizNy4 and/or SiO,, the SizNy will begin to be
oxidised to SiO, [Reaction (16)] which further reacts
with MgO to form M,S [Reaction (15)].

SisNy(s) + 6CO(g) = 3Si05(s) + 6C(s) + 2Na(g) (16

SiC, Si3N, and SiO, were detected in the micro-
structures (Figs. 14-16). M,S was also detected, although
for kinetic reasons, it was only found occasionally. The
formation of a SiO, shell on the SiC (Fig. 15) verified the
occurrence of Reaction(14), and the formation of SizNy
on the SiC grain (Fig. 16) supported the process indicated
by Reaction (13). A SiO, shell was also occasionally
found on the unreacted Si (Fig. 15), indicating that
occasionally Si could be directly oxidised to SiO,. For
similar reasons to those given for the Al addition case
for reaction between AIN and CO [Reaction (10)], there
was no microstructural evidence for Reaction (16),
although the reaction is predicted by the thermo-
dynamic calculation (Fig. 3).

When the temperature increases to 1500°C, thermo-
dynamic calculations (Fig. 4) reveal that SisNy is not a
stable phase. This means that even if Si;N, forms at low
temperature (e.g. upon heating), it will convert to SiC
again when the temperature reaches 1500°C, SizNy4
occasionally detected in the microstructure (not shown)
most likely precipitated on cooling. As predicted and
shown in Fig. 4, before the CO and N, atmosphere dif-
fused into the refractory, Si reacted with C to form SiC.
With increasing levels of CO and N, diffusing into the
sample, the amount of SiC decreases and that of M,S
increases, indicating that SiC reacted with CO from the
atmosphere to form SiO, [Reaction (14)] which further
reacted with MgO to form M,S [Reaction (15)]. The
microstructures (Figs. 17 and 18) confirmed the forma-
tion of SiC, SiO, and M,S. The precipitation of M,S in
the matrix and on the large MgO aggregate surfaces
(Fig. 18), indicates that gaseous species are involved in
its formation. As shown in Fig. 4, the partial pressures
of SiO(g) [from Reaction (17)] and Mg(g) [Reaction (8)]
become significant at 1500°C. Therefore, similar to the
MA formation in the Al added samples, M,S could
form via both gas-solid [Reaction (18)] and gas-gas
reaction processes [Reaction (19)].

SiC(s) + CO(g) = SiO(g) + 2C(s) 17)
SiO(g) + 2MgO(s) + CO(g) = Mg,SiOq4(s) + C(s)  (18)
SiO(g) + 2Mg(g) + 3CO(g) = Mg,SiO4(s) + 3C(s) (19)

Reaction (18) is likely to be responsible for precipitation

of M5>S on the MgO aggregate surfaces, and Reaction (19)
for precipitation of M,S in the matrix (Fig. 18). Both
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contributed to the formation of a greater amount of M,S
in the brick at this temperature (Figs. 17 and 18).

In contrast to the Al added samples, no pores were
found in the centre of SiO; or SiC shells (Fig. 15). This
may be because the partial pressure of Si(g) in equili-
brium with Si(l, s) is very low (<107 atm) at the test
temperatures,’ so even if the cracks formed in the shell,
the evaporation of Si(g) from the Si metal could not
lead to formation of a pore inside the shell.

4.1.3. With B,C additive

Thermodynamic calculations (Fig. 5) show that at
1200°C, with increasing CO and N, atmosphere, the
amount of B4C decreases while BN and M;B levels
increase, indicating that with more CO and N, atmo-
sphere present, B4C reacted with N, to form BN [Reaction
(20)] or with CO to form B,O; [Reaction (21)] which fur-
ther reacted with MgO to form M;B [Reaction (22)].

B4C(s) + 2Na(g) = 4BN(s) + C(s) (20)
B4C(s) + 6CO(g) = 2B,05(I) + 7C(s) 1)
B,0;5(1) + 3MgO(s) = 3MgO.B,05(s) (22)

When A/R increases to ~0.66, B4C disappears, there-
after, on further increasing A/R, BN content decreases
slightly and that of M;B increases slightly, indicating
that after B4C disappears, a small amount of BN reacts
with CO from the atmosphere to form B,O; [Reaction
(23)] which further reacts with MgO to form M;B
[Reaction (22)].

2BN(s) + 3CO(g) = B,0s(1) + 3C(s) + Na(g) (23)

The microstructure confirmed the formation of M;B
(Fig. 19). However, it did not provide any direct evi-
dence of BN formation and its reaction with CO. The
possible reasons were (1) kinetic factors might be hin-
dering Reaction (20), so the BN content is very low; and
(2) its crystal size might be too small to observe in a
conventional SEM.

Similar phase changes at 1500°C were predicted by
thermodynamic calculations (Fig. 6), although a mag-
nesioborate liquid appears. Another discrepancy in the
prediction is that after B4C disappears, the amounts of
BN and liquid both decrease. The reasons for this are
not clear, although it could be due to reduction of MgO
in the liquid by C. M3;B was also observed in the
microstructure (Fig. 20), however, because its melting
point is ~1350°C, it likely precipitated from the liquid
on cooling. Some Fe containing Mg borosilicates (white
contrast) coexisting with the M;B were also found, sug-
gesting that at 1500°C, the Mg borate liquid predicted
by thermodynamic calculation (Fig. 5) took up some

silicate impurities from the MgO grain and graphite,
increasing the volume of liquid formed.

The partial pressure of boron-containing vapours
such as B,Os(g) in equilibrium with B,Os(1) is high,? so
after B,O; formed on the B,C surface [Reaction (21)], it
quickly evaporates. It was for this reason that there was
no obvious oxide shell on the unreacted B4C grain
(Fig. 19). The evaporation of boron-containing gaseous
species was also responsible for the precipitation of
M;B in the matrix and on the MgO aggregate surfaces
(Figs. 19 and 20). Since the mechanisms will be similar
to the precipitation of MA or M,S considered above,
they will not be considered further.

4.2. Kinetic constraint

The calculations used in this study are for thermo-
dynamic equilibrium but the microstructures observed
clearly demonstrate the kinetic constraints occurring in
practice. Reactions between solid oxides [e.g. reactions
(4) and (15)] are likely to be slow due to the low diffu-
sivities at the temperatures of the experiments. How-
ever, the melting of Al and Si will accelerate any
reactions involving them as will the formation of B,O3-
containing liquid, the latter being particularly fluid and
penetrative. Reactions involving gases are likely to be
fast and less kinetically hindered. The influence on the
corrosion resistance of the microstructures resulting
from interaction of additives with MgO-C will be con-
sidered in a separate publication.?!

5. Summary

The reaction processes of Al, Si and B,C added to
MgO-C refractories have been predicted by thermo-
dynamic calculation and compared with microstructural
observations. The main results are summarised as fol-
lows.

At high temperatures, Al reacts with graphite and/or
N, to form Al4C; and/or AIN, although occasionally it
is oxidised directly to Al,O3 by CO. The Al4C; formed
reacts with N, to form AIN whiskers and/or with CO to
form Al,O; which reacts with MgO to form MA.
Although there is no direct microstructural evidence,
the thermodynamic calculations predict that after Al4Cs
disappears, AIN will react with CO to form Al,O;
which reacts with MgO to form MA. Gaseous species
such as Al(g) are involved in the above reaction pro-
cesses, and explain the different morphologies of the
reaction products such as AIN (whiskers) and MA(pre-
cipitated on large MgO aggregate surfaces). The pro-
portion of MA is much greater after 3 h at 1500°C than
after 3 h at 1200°C. Al4C; or Al,Oj5 shells with pores in
their centres form in the matrix. After formation of an
Al4C5 core, if it is not quickly oxidised by CO, it will
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continue growing and finally become a solid Al4C;
grain, however, if it is quickly oxidised by CO, because
the oxidation reaction leads to a large volume expansion
(~93.5%), the Al,Oj3 shell is not dense and may contain
some cracks or micropores. When the oxidation frontier
reaches the Al(l) enclosed in the Al4Cs shell, the Al(g)
will evaporate and escape from the shell through the
cracks or micropores in the Al,O; shell leaving a pore in
the centre. In the case of the Al,Oj; shell, the mechanism
is similar, because the shell is also not dense and may
contain some cracks or micropores due to a large
volume expansion (~142%) accompanying the reaction
of Al with CO.

At 1200°C, Si reacts with graphite and/or N, to form
SiC and/or SizNy4, although occasionally it is directly
oxidised to SiO, by CO. The SiC reacts with N, to form
SisNy or with CO to form SiO, which further reacts
with MgO to form M,S. Although there is no direct
microstructural evidence, thermodynamic calculation
reveals that after SiC disappears, SizNy will react with
CO to form SiO, which then reacts with MgO to form
M,S. At 1500°C, Si;Ny is not thermodynamically stable,
so SisN4 occasionally detected in the microstructure
most likely precipitated on cooling. At this temperature
the SiC formed from reaction between Si and C, reacts
with CO to form SiO, which reacts with MgO to form
M,S. Gaseous species such as SiO(g) involved in the above
reaction processes, explain the different morphologies of
the reaction products such as M,S (precipitated on the
large MgO surfaces) in the brick.

Thermodynamic calculation predicts that at high
temperatures B4C reacts with N, from the atmosphere
to form BN and/or with CO from the atmosphere to
form B,O3; which further reacts with MgO to form low
melting M;B. The M3B becomes liquid when the tem-
perature is higher than its melting point (~1350°C), it
takes up impurities from MgO and/or graphite raw
materials, forming more liquid in the brick, which will
be detrimental to the corrosion resistance. The micro-
structures confirm the formation of M;B, but have not
provided any direct evidence of BN formation and its
reaction with CO, although they are predicted by ther-
modynamic calculations. Gaseous species such as
B,0O5(g) involved in the M3B formation, are consistent
with precipitation of M;B on the large MgO aggregate
surfaces.
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