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The lifetime of aluminum reduction cells is driven primarily by
the lifetimes of two components of the cell lining: the carbon
cathode and the sidewall refractory material. The current
state-of-the-art sidewall material is a silicon nitride bonded sili-
con carbide (SNBSC) refractory and its corrosion mechanisms
in the aluminum reduction cell environment have been exam-
ined in this study. Microstructural analysis of commercial
SNBSC materials identified variations in porosity and o/f
Si3;N, ratio in the binder phase, with higher porosity levels and
B SizN4 content found in the interior part of the block. Unre-
acted metallic silicon was observed only as a crystalline phase
encapsulated inside SiC grains and not in the binder phase.
The effects on the corrosion rate of porosity levels, amount of
binder, a/p SizN4 ratio, and different factors in the environ-
ment, were examined in laboratory scale trials. High corrosion
rates were associated with high porosity levels and a high §
Si;N, fraction in the binder. The crystal morphology of
Sis;N, is suggested as the main reason for the higher reactivity
of this material. This morphology presents a higher surface
area compared with o Si;N,4 crystals. A corrosion mechanism
for SNBSC materials in the aluminum reduction cell atmo-
sphere is suggested.

I. Introduction

IN modern high amperage aluminum reduction cells, the
service life and the cell efficiency are strongly influenced
by the life and condition of the cathode and of the sidewall
refractory lining. The use of Siz;N4 bonded SiC refractories
has become the state of the art for sidewalls, and has largely
replaced traditional carbon materials. The sidewall is typi-
cally protected by a frozen layer of the cryolite (Na3;AlFg)
electrolyte, but is periodically exposed to liquid electrolyte,
to liquid aluminum, and to a range of vapor species in the
cell gasses at temperatures approaching 1000°C.

The superior oxidation resistance, corrosion resistance,
and thermal conductivity of silicon nitride bonded silicon
carbide (SNBSC) materials compared with a carbon-based
lining, has enabled the use of thinner cell linings giving
increased cell capacity that can then accommodate larger
anodes, higher amperage and hence, increased productivity.

Si3N4 bonded SiC materials are, however, still prone to
oxidation and corrosion in the very aggressive environment
of the aluminum reduction cell. Various parameters in the
material properties such as porosity, amount of binder phase,
presence of unreacted silicon or oxides, and o/p Si;Ny4 ratio,
have been proposed to contribute to the enhanced corrosion
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rate.! The fact that these parameters are frequently inter-
linked makes it difficult to test each independently. However,
some parameters were singled out as potentially having
major contribution on the corrosion mechanism.

High open porosity can lead to the penetration of electro-
lyte and gaseous species into the material and thus, better
contact with the bonding matrix. The typical porosity of the
industrial materials is in the range 13—18% and the apparent
density 2.6-2.7 g/em®. However, oxidation studies by Sky-
bakmoen er al." did not show a significant correlation
between degree of corrosion and porosity.

The amount of the binder could also affect the corrosion
resistance. Thermodynamically, Si;Ny is less stable than SiC
in a cryolitic electrolyte and prone to oxidation by reaction
with O, and CO, and reaction with corrosive gasses, such as
HF and NaAlF,, which are emitted during cell operation.>™®
A balance should be maintained in the binder content; low
binder content will reduce bath penetration and corrosion,
however, it will also reduce the strength of the material.
Increased binder content will provide a stronger material,
but will potentially expose the material to a higher degree of
corrosion.

Oxides, such as alumina and silica, are typically added as
sintering aids for production of higher strength refractory
materials,”® however, for these materials, the presence of oxi-
des showed negative effect on the resistance of the material
to corrosion by cryolite.” Oxide bonded refractory materials
based on SiO,, Mullite, clay and alumina, which employ a
low melting point phase, have been found unsuitable to with-
stan% Elee corrosive environment in the aluminum reduction
cell.™

Despite significant improvements in refractory quality,
there is still considerable uncertainty over the factors, which
limit the life of these SNBSC refractories, coupled with a ten-
dency for precipitous failure. Thus, there is considerable
interest in better understanding these failure mechanisms.

II. Experimental Procedure

(1) Microstructure Analysis
Microstructural analysis of SNBSC samples from eight differ-
ent pristine blocks from various manufacturers (denoted
blocks A-G) was obtained using techniques such as X-ray dif-
fraction (XRD), SEM-EDS, and solid state NMR. The blocks
varied in cross-section between 75 and 100 mm in width,
although the internal microstructures were visually similar.

Powder XRD analysis was performed on crushed samples
from different SNBSC blocks to quantify the o and B SizNy
content of the binder phase, using the method of Gazzara &
Messier.'> The powder XRD patterns were acquired using
Bruker D8 Avance diffractometer operated at 40 kV and
40 mA, using CuKa radiation and a KF crystal monochro-
mator.

The SNBSC samples were also analyzed using solid state
NMR, which was used as a complementary method to XRD
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analysis due to its ability to detect both crystalline and
noncrystalline phases not detected by XRD analysis. This
method is useful in detection of any amorphous Si that could
be formed due to freezing of a molten silicon phase. A
Bruker AVANCE 300 spectrometer operating at
300.13 MHz proton frequency and at 59.63 MHz silicon
frequency was used for all solid-state NMR experiments. The
basic spectra were obtained using “standard” one-pulse-
and-collect experiments.

A scanning electron microscope (SEM) equipped with an
energy dispersive X-ray (EDX) was used to study the mate-
rial morphology, using its ability to provide high magnifica-
tion imaging (4000x to 16 000x) enabling the observation of
the distribution of different phases within the material, the
crystal shape, and arrangement of the different phases.

A FEI Quanta 200F field-emission SEM operating at
20 kV electron energy was used, with a spot setting of 4.0, as
high magnification (4000x to 16 000x) imaging tool with
either a secondary electron detector or a backscattered elec-
tron detector.

Porosity measurements were performed on segments taken
along an SNBSC brick cross-section using the ISO 5017 stan-
dard method based on the Archimedes principle.

(2) Corrosion Testing Methodology

The corrosion testing was carried out in two stages: in the
first stage four samples (size 15 x 15 x 165 mm) were
placed symmetrically in a graphite crucible (internal diameter
120 mm with 190 mm depth) filled with 8 cm of a molten
electrolyte (bath) with a composition of 78% cryolite (high
purity, Central Glass Co, Ube, Japan), 7% alumina (smelter
grade), 10% AIlF; (smelter grade), and 5% CaF, (high pur-
ity, Riedel de haén, Seelze, Germany) and partly immersed in
the molten bath. After 48 h of soaking at 1000°C, the sam-
ples were taken out and cooled, the adhering bath was
removed from the impregnated samples using knife after
soaking in aluminum chloride solution (to loosen the adher-
ing bath) in an ultrasonic bath. The sample volume, density,
and porosity were measured before and after the immersion
using the ISO 5017 standard method.

The second stage is a 48 h polarized corrosion test, which
is performed in an experimental rig (Fi%. 1) based on the
method developed by Skybakmoen et al.” The arrangement
is important, because it simulates the cell gasses and electro-
lyte movement to which refractories are exposed during cell
operation. The clean, dry impregnated samples were placed
back in the molten bath, and a constant current of 15 A was
passed through the electrolyte that was kept at 1000°C. A
graphite cylinder (30 mm in diameter) screwed into a
threaded stainless steel rod served as an anode, while the
graphite crucible wall, connected to the power supply by a
threaded stainless steel rod, served as the cathode. The anode
was rotated by an electric motor and the current was passed
to the anode support rod via a carbon brush. Rotation was
maintained to ensure electrolyte movement and gas distribu-
tion, to stabilize the voltage and to avoid short circuits due
to carbon dust build up on the electrolyte surface between
the crucible wall and the anode.

The cell operating voltage was maintained in the range 3.5
—4.2 V during the experiment, while a mixture of alumina
and cryolite (60/80 g, respectively) was fed into the bath peri-
odically and the graphite anode was replaced after 24 h. The
current, voltage, and bath temperature were monitored and
recorded using data logger, the anode circumference and
length change were measured to ensure consistency of the cell
conditions. The SNBSC samples volume change between the
pre and post polarized test serves as an indication for the
corrosion resistance of the materials; during the test the bin-
der phase is attacked by corrosive gasses such as HF and
NaAlF, to produce volatile SiF4 which corrode the material,
and lead to reduction in its volume. Due to infiltration of
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Fig. 1. The polarized corrosion-testing rig.

bath, the weight change cannot be used as a measure of cor-
rosion.

III. Results

(1) Morphology

Variations in morphologies of the different silicon nitride
phases in the bonding phase are clearly revealed in SEM
observations at high magnification. Three main crystal types
were observed in the silicon nitride bonding-phase: The first
type has long fine needle-like crystals with high surface area
and an aspect ratio >25 which were observed in limited areas
and only within the pores [Fig. 2(a)]. This type of fine nee-
dle-like crystals is associated with a polymorg)h of o SizNy as
described by Wang'* and Jennings ef al.'> who observed
them at formation temperatures between 1350°C and 1400°
C. The second type of crystal morphology is a flat, matte-like
crystal [Fig. 2(b)], which was observed in samples with a high
a SizNy content (as measured using XRD).

The third type of crystals, observed in samples with high 3
SizNy content, has an elongated shape, with distinctively hex-
agonal cross-section [Fig. 2(c)]. This crystal morphology for
B SisNy is well documented in the literature.'>™'* Analysis of
cross-sections of corroded SNBSC samples cut above the
bath line showed enhanced porosity and cavities with SiC in
the center at the exterior face, and reduced porosity in the
core, filled with sodium and fluoride rich species.

(2) Free Si as a Contributor to Corrosion Rate

The high reactivity of silicon in fluoride environments sug-
gests the hypothesis that the corrosion rate of SNBSC mate-
rials in the aluminum reduction cell atmosphere could be
related to the free silicon content and its distribution within
the SNBSC bonding phase. The free Si arises from incom-
plete reaction of the binder phase precursor due to formation
of Si liquid during the fabrication of the block when temper-
atures in excess of 1400°C are being reached in the interior
bulk during formation of the SizN; bond phase. Any Si
freezing from the liquid phase will be difficult to convert to
the Si3;N4 bond phase due to the low surface area and thus
slow kinetics of this reaction.
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Fig. 2. SEM micrograph of long, fine o Si3N4 crystals growing into
a pore in an SNBSC sample (A) flat-matte shaped o Si3Ny crystals in
the bonding phase (B). SNBSC bonding phase material with long
hexagonal B SisNy crystals (C)

However, only low residual free Si is observed in Analyti-
cal XRD results on numerous SNBSC samples, with maxi-
mum content ~7% in isolated cases. Si concentration was
higher in samples taken from the interior part of the bricks
and was usually accompanied by higher B SisN4 concentra-
tion.

To detect any amorphous Si that could be formed due to
freezing of a molten silicon phase, the SNBSC samples were
also analyzed by Solid State NMR which can detect both
crystalline and noncrystalline phases that cannot be detected
using XRD analysis. The results (Fig. 3) confirmed that all
the phases found in the samples were crystalline, including
the free silicon concentration, which was minimal.

SEM-EDS analysis of a large number of samples from
various bricks indicates that the free Si was mainly observed
in the core of SiC grains and not in the SizN; bonding
matrix. This indicates that the source of free silicon is
unreacted silicon from the SiC production process and not
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Fig. 3. Solid state NMR of SNBSC sample showing the presence of
SiC  (peaks at —14.41, —20.48, —25.0 ppm) SizNg (peak at
—48.58 ppm) and Si>N,O (peak at —61.60 ppm) with absence of free
Si (peaks around —100 ppm).

Fig. 4. Back scattered electron SEM images of SNBSC samples
depicting free Si in the core of the SiC grains (lighter colored spots)
and not in the bonding matrix

from the production of silicon nitride. The free Si was easily
observed when using a back-scattered electron detector, and
appeared white compared with the gray SiC grain or SizNy
phases (Fig. 4). This suggests that free Si has a minimal role
in determining corrosion resistance in these materials.

(3) Variation of Porosity Level

Porosity measurements show variation with position (seen in
Fig. 5), with higher porosity usually observed in the interior
areas. In some bricks, the porosity levels of segments taken
from the exterior area of one face of each brick were higher
than those taken from segments of the exterior part of the
opposite face. The difference in the porosity between the two
exterior parts may be due to differential exposure to nitrogen
gas flow during nitridation because of the stacking arrange-
ment of the bricks in the furnace.

(4) a and B Si; N, Distribution

As discussed above, SNBSC materials contain both o and B
Si;Ny phases in a ratio, which varies in blocks from different
manufacturers. Samples taken from the exterior and the inte-
rior area of a cross-section slice of each brick showed an
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Fig. 5. Porosity of segments cut along a cross-section of SNBSC
brick.
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Fig. 6. (a) Schematic diagram of SNBSC block cross-section with
locations numbered one to seven of analyzed samples. (b) B SizNy
content in the binder measured on samples that were cut along two
cross-sections (locations 1-7) taken from brick B.

uneven distribution of o and B SizN; content. Higher
SisNy4 content was usually observed in the interior part of the
brick as seen in Fig. 6

The high B Si3N, content observed in the internal area of
some bricks is probably attributed to high temperatures dur-
ing the nitridation stage of the fabrication process. The
excess heat generated during the exothermic nitridation reac-
tion is dissipated more easily from the exterior part of the
brick than from the interior, as calculated in steady-state
thermal modeling.?** Temperatures above 1500°C and the
presence of a molten liquid silicon in the interior zone creates
conditions which can enhance the conversion from o to
Si3Ny resulting in higher  SizN4 content in the interior of
the brick.
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Fig. 7. Comparison between corrosion rates of samples exposed to
bath alone and to exposure under electrolysis conditions. The block
type refers to samples cut from block B or block C.
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Fig. 8. SNBSC samples (25 x 20 x 185 mm’) after exposure to
48 h corrosion testing. Degradation of the samples is observed
mainly at the bath-gas interface and in the gas phase.

Oxide phases such as Si;N,O and SiO, were also detected
using XRD analysis in a few of the samples tested, especially
in the core of the blocks. The concentration of Si,N,O was
between 1% and 3% with extreme cases above 5%, SiO, was
detected only at locations within three samples.

(5) Corrosion Results

Thermodynamically, the potential for the SNBSC materials
to act directly with the cryolitic bath is minimal due to the
positive Gibbs free energies (AG = 500 kJ/mole) of the reac-
tions of Si3N4 and SiC with cryolite. The corrosion rates of
samples that were only soaked in bath were compared with
the corrosion rates of these samples after additional exposure
to polarized corrosion testing. The exterior surface of most
of the samples that were only soaked in bath was largely
undamaged and their corrosion rates were much lower com-
pared with the samples that were exposed to the polarized
corrosion test (Fig. 7). Corroded samples after polarized test-
ing showed degradation mainly in the area exposed to the
cell gas, while the part immersed in the electrolyte bath
stayed intact (Fig. 8).

Following the observation that SNBSC samples are cor-
roded mainly above the bath line, an experiment was per-
formed to verify whether the corrosive and oxidative gasses
are the only contributors to SNBSC degradation in the cell
atmosphere, or whether the penetrated bath has an active
role in this process. Pristine SNBSC samples that were placed
above the bath during electrolysis showed little corrosion;
however, when these samples were soaked in the bath for
48 h and then reposition in the gas atmosphere above the
bath level for a further 48 h, intensive degradation was
observed, as seen in Table 1.
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Table I. Corrosion Rate of SNBSC Samples Following
Exposure to Only the Gas Phase, and After 48 h of Bath
Immersion

Samples D1 D2

Porosity [%] 13.6 £ 0.4 15.6 £ 0.6
Corrosion in exposure to only +0.4 +0.4
gas phase for 36 h [%
volume gain]
Corrosion in exposure to only
gas phase for additional
96 h [% volume gain]
Corrosion after 48 h exposure —8.48 +0.07 —11.61 £ 0.07
to gas phase post 48 h bath
soak [% volume gain]

—1.0 £ 0.7 -09+1.0

The corrosion rates of samples that were soaked in bath
for 48 h and then exposed to electrolytic conditions for 48 h
were measured as a function of their porosity levels. The cor-
rosion rate is expressed as percentage of volume gain and is
shown in Fig. 9. A linear regression curve fitted to the corro-
sion results shows that there is a measurable correlation
between the porosity and the corrosion rate of the SNBSC
samples. The coefficient of determination (R?) of 0.43 indi-
cates some correlation between the higher corrosion rate and
higher porosity.

Thermodynamic calculations suggest that the binder phase
of the SNBSC blocks, rather than the SiC phase, is prone to
attack by oxidizing agents (CO, CO,, and O,) and corrosive
gasses (HF and NaAlF,) present in the aluminum reduction
cell atmosphere.?! Hence, to verify these calculations, the
corrosion rates of the samples tested in the lab-scale corro-
sion test were presented as a function of their SiC content
(which was measured using XRD analysis). The data suggest
reasonably consistent behavior of reduced corrosion rate
with increased SiC content up to an SiC content of around
80%. Despite the scatter, which is expected for these rela-
tively complex composite materials, higher and more variable
corrosion rates are observed in samples particularly when the
SiC content exceeds around 80%.

(6) Effect of af/p Si3N, Ratio on the Corrosion Rate of
SNBSC Bricks

The binder phase contains mainly o and B Si3Ny, low concen-
trations of oxides (Si,N,O and SiO,) and, in some cases, unre-
acted Si. Given that the binder is more reactive than the SiC
matrix, it is then worth examining the influence of different
phase compositions in the binder itself. The corrosion rate of
the presoaked samples was thus measured as a function of
their B SizN4 content. A positive, correlation between the cor-
rosion rate and B SizN,4 content was observed (Fig. 10).

Corrosion vs, porosity in Si;N, bonded SiC samples
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Fig. 9. Corrosion rate (measured as% volume gain) of SNBSC
samples as a function of porosity levels.
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Fig. 10. Corrosion rate as a function of B Siz;N, content of SNBSC
samples. High correlation was found between the corrosion rate and
B SisNy content with calculated R* = 0.82.

(7) Effect of Surface Area and Pore Size Distribution

The surface area and the pore size distribution were deter-
mined for samples from each block using standard nitrogen
adsorption techniques. The BET surface area of pristine
blocks that were tested was low in the range 0.10-0.35 m?/g,
and the absolute accuracy of the measurements is question-
able, however, the low surface area suggest that the effect of
the surface area on the corrosion rate is likely to be minimal.
The pore size distribution analysis (based on BJH Adsorp-
tion) indicates that the total volume of pores with radius
below 300 nm is negligible, hence, it is concluded that the
majority of the porosity lay in the macro range.

IV. Discussion

Porosity measurements conducted on segments taken along
an SNBSC block cross-section showed variation with posi-
tion. However, the nature of this variation is different for
particular blocks. Higher porosity in the interior areas was
observed in some of the blocks tested, while other blocks did
not show large variations in porosity levels between the exte-
rior and the interior parts.

The corrosion rates of the SNBSC samples were measured
as a function of their porosity. Samples that were soaked for
48 h in a cryolitic bath prior to the corrosion test showed
some correlation between the corrosion rate and their poros-
ity levels. The calculated coefficient of determination (R?)
indicates that only 43% of the variability of the corrosion
rate results can be explained by the variations in porosity lev-
els. The effect of the sample width on the correlation between
corrosion rate and porosity is profound. Thicker samples
with widths above 16 mm showed no measureable correla-
tion between the corrosion rate and porosity, suggesting the
inhomogeneous nature of the samples (in binder phase com-
position) and that electrolyte penetration is limited in the
pore size range these samples exhibit.

Samples with a significant difference in porosity levels, taken
both from the same brick, and from two different bricks that
were tested in the same experiment, showed significantly higher
corrosion rates for the higher porosity samples.

The corrosion rate of SNBSC samples was also measured
as a function of their SiC content. Despite the scatter in the
data, the corrosion results of the presoaked samples in elec-
trolyte showed an optimal SiC content in terms of corrosion
resistance. The minimum corrosion rate was observed in
samples having 80-85% SiC, while above this range increas-
ing and increasingly scattered corrosion levels are observed.
This is presumably attributed to increased reactivity where
the binder content is high and the lack of sufficient binder
phase to provide a dense and coherent binder matrix when
the binder content is low.

The influence on the corrosion rate of the distribution of o
and B Si3Ny phases found in the binder was examined. These
two phases are not evenly distributed in the SNBSC blocks,
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as segments cut along the central cross-section of different
blocks showed variations in § Si3N, content with an increase
of the B SisN4 content when moving from the exterior part
of the brick to the core. A high correlation between corro-
sion rates and high B Si;N,4 content in sample was observed
with R* = 0.82. The crystal morphology of B Si;N, is sug-
gested as the reason for the high reactivity of these materials.
This morphology is characterized by elongated rod-shaped
crystals with hexagonal cross-section, presents a higher sur-
face area compared with the flat, matte-like o SisNy crystals.
Thus, they are more reactive due to their high aspect ratio of
exterior surface area versus volume that is exposed to the
corrosive gas attack. The fine needle-like o SisN, crystals
with the highest aspect ratio would be expected to be more
prone to attack, but were only observed in a few isolated
pores, hence, are not expected to have a major impact on
degradation of the block. As in the porosity trials, samples
wider than 16 mm showed low correlation due to inaccessible
porosity and the incorporation of zones with different
Si3Ny content within the sample.

Although much more corrosion was observed in the part
of the sample exposed in the gas zone than that immersed in
the bath, the contribution of the penetrated bath is signifi-
cant. Exposure of SNBSC samples to only the gas phase
showed very limited corrosion over the longer period of
exposure (96 h). This is probably due to formation of a pro-
tective layer of SiO, as a result of oxidation of SiC and
SisN4 by CO, that inhibits degradation by corrosive gasses,
such as HF and NaAlF,. Exposure of the oxidized samples
to the cryolitic bath resulted in enhanced degradation caused
by dissolution and removal of the protective SiO, layer and
oxidation of the more reactive binder phase to sodium sili-
cates aided by attack by the penetrated sodium. The higher
reactivity of sodium silicate toward corrosive gasses, com-
pared with SiC, SisN, phases,'**'>* and the exposure of the
entire samples surface area to the corrosive environment, led
to extensive degradation. This observation also explains the
contribution of higher porosity on the degradation of
SNBSC samples.

Based on the corrosion results of the presoaked SNBSC
samples, a multivariate regression statistical model was built
which identified porosity levels, B SizNy4 content, (B SizN4
content),> and SiC content x B SizNy4 content as factors that
show a statistically significant correlation to the corrosion
rate. The relative contribution of each factor is expressed by
the respective regression coefficients. A regression equation
[Eq. (1)] with coefficient of determination of 0.7 was made
based on the contributing factors and their coefficients, that
estimates corrosion rate for a given porosity level, B Si3Ny
content, and SiC content.

Corrosion rate = 38.86 — porosity level (%)
—0.973 B Si3Ny content (%)
—0.35SiC content (%)

—0.0042 (B SizNy content)2
+0.015 (B Si3Ny content x SiC content)

O

The largest single factor affecting corrosion appears to be
porosity levels. However, 3 SizNy4 content in the binder, and
the binder:SiC ratio, also show significant contributions.

V. Conclusions

The microstructure of SNBSC refractories was studied to
understand the impact on the corrosion mechanism in alumi-
num reduction cell environments. Industrial SNBSC samples
that were tested in lab-scale corrosion tests showed that
porosity levels and B SisN4 content make a statistically sig-
nificant contribution to the corrosion rate. Higher corrosion

rates were related to high porosity levels and/or high B Si3Ny4
content. The unique morphology of B SizNy crystals with
higher surface area is proposed to lead to higher reactivity.

The amount of binder was also identified as a statistically
significant contributor to the corrosion rate of the SNBSC
samples, with minimum corrosion occurring in samples with
80-85% SiC content. Unreacted silicon was found only within
SiC grains and not in the binder phase, hence, was excluded as
a parameter that contributes to the corrosion rate.

Corrosion was observed mainly in the gas phase and espe-
cially at the bath-gas phase interface, however, corrosion
appears to be driven by the combined effect of bath penetra-
tion into the porous SNBSC material, and exposure to the cor-
rosive gasses.
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