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Improvement of hydration resistance
in carbon-containing refractories by addition of Al-Si alloy
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Abstract

Carbon-containing Al,O3-C system refractories were added with Al-Si alloys containing different
amounts of Si. These refractories were fired (1200 C for 3 h) in both coke-embedded (CO) (CO/N; =
0.35/0.65) and nitrogen (N>) atmospheres. The lower the Si content of the added Al-Si alloy, the higher the
modulus of rupture and elastic modulus. All fired refractories containing different amounts of added metals
were subjected to a hydration resistance test by holding them in an autoclave at 158 °C for 6 h. Although the
refractories containing only Al had weight gain and cracking due to hydration, resulting in the material
disintegration into small particles, all fired refractories containing 5 mass% Al and Si did not undergo
hydration. Microstructural observation and identification of the reaction-formed compounds by X-ray
diffraction of the fired refractories confirmed the formation of SiC in all fired refractories containing Si. The
addition of both Al and Si resulted in the formation of a low-melting-point Al-Si eutectic alloy that became
liquid at the firing temperature, and the active formation of SiC through the liquid-solid reaction of Si
suppressed the formation of AlsC; and other compounds that are prone to hydration reactions through
solid-solid reactions, resulting in improved hydration resistance. The importance of promoting the reaction
through liquid-phase formation demonstrated the effectiveness of adding high-melting-point metallic Si as
an alloy in advance, rather than adding it separately from Al
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MgO-C system materials used in converters and
others, it is generally practiced to achieve material
strengthening and oxidation prevention at high
temperatures by adding metallic powders like Al
Under high-temperature conditions encountered
during the firing process in manufacturing or
practical use as refractories, the metallic powders
react with carbon contained in the refractories and
with CO or N: gases in the atmosphere. Consequently,
these reactions are considered to form carbides,
nitrides, oxides, or their complex compounds of the
metal, contributing not only to the strengthening of
the refractories through their microstructure
reinforcement and densification but also to improving
oxidation resistance '%.

However, the addition of Al also introduces
drawbacks such as the formation of compounds like
Al:Cs and AIN in the refractories, leading to a
hydration reaction called slaking, which causes
cracking during storage and emits an odor during
dismantling after use”. Yu and Yamaguchi® have
reported on the effectiveness of Si addition for
suppressing the hydration reaction of AlCs
(improving hydration resistance) in such cases,
clarifying that the suppression is attributed to the
formation of AlsSiCs through the addition and the
solid solution of Si into AlsCs, and also stated that its
effectiveness is influenced by the amount of Si
addition (ratio to Al), particle size, and firing
temperature.

Based on the recognition of the above facts,
the previous reports 7 have clarified that in fired
bodies prepared by adding Al and Si in varying ratios
to ALOs-C refractories and firing them in coke-
packed (CO/N, atmosphere) and nitrogen
atmospheres, the low-melting-point Al-Si (eutectic)
alloy formed becomes a liquid phase at the firing
temperature and actively reacts with the surrounding
carbon or both atmospheric gases, forming several
compounds, including SiC, ALCs, AIN, AIN(-
ALOCQC), and ALSiCa.

In the present investigation, an improvement
in the hydration resistance of Al,O;-C refractories
fired in both atmospheres of CO and N was explored,
with the differences in density/strength characteristics
when Si was added with Al in varying contents,
through the microstructural observation,
identification of formed compounds by X-ray
diffraction, and chemical analysis of the fired bodies.
The effects of differences in various compounds
formed by firing atmosphere and the addition of
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metallic Al or Al-Si alloys on the properties and
hydration of the
refractories were also clarified. Furthermore, through

resistance carbon-containing
thermodynamic considerations of these reactions for
the compound formation, it is aimed to contribute to
the exploration of firing conditions for creating
optimal microstructures for specific applications.

2 Experimental methods

Five types of test samples, designated A to E,
were prepared for this study, with their compositions
and other details shown in Table 1. As starting
materials, alumina aggregate with a maximum
particle size of 3 mm, calcined alumina, carbon
powder, and metallic Al and Si powders were used.
For sample A, metallic Al and Si were added
individually. For samples B to D, Al-Si alloys with
varying Si content ratios (Si/(Al+Si)) and metallic Si
powders were added. The total amount of both Al
and Si components in each of the samples A to D was
adjusted to be 5 mass%. Sample E was prepared by
adding only 10 mass% of metallic Al powder.

Each of these samples was kneaded after
adding 5 mass% of phenolic resin as an external
binder, and then formed into a brick shape of 230 x
100 x 47 mm under a pressure of approximately 150

Table 1 Composition, raw material mixing, processing conditions, and properties of

fired body for samples A to E

Sample A | B | Cc | D | E
Al,03 85
Composition / mass% Al > 10
Si 5 -
C 5
Al,04 a (Calcined alumina : 85-a)
Raw material mixing Al > _ 10
(/ mass%) Si 5 5-b b-c¢ 5—-d -
Al-Si alloy - 5+b 5+c 5+d -
C 5
Processing Binder Phenolic resin : + 5 (Outer percentage)
condition Firing atmosphere] CO [ N, | CO| N, [ CO[ N, | CO| N, | CO [ N,
Properties of fired body
Bulk density / g-cm3| 3.06 | 3.07 | 3.07 | 3.06 | 3.09 | 3.08 | 3.10 | 3.08 | 3.11 | 3.08
Apparent porosity /%| 114|116 |11.4|115|11.0( 11.4|11.0( 11.8| 9.9 | 10.7
Cold crushing strength /MPa | 196 | 213 | 200 | 170 | 181 | 181 | 182 | 169 | 184 | 159
Modulus of rupture R.T. 30 23 21 22 21 20 17 18 33 30
/ MPa 1400°C] 21 17 16 14 14 17 13 11 20 13
Elastic modulus / GPa| 45 40 40 38 36 36 35 34 64 57

45<a<80,05<b<15,1.0<c<2.0,20<d<3.0/ mass%
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MPa. After drying the green bodies, they were electric
furnace-fired at 1200 °C for 3 h under two types of
atmospheres: one where they were packed in coke
powder in a SiC sheath, and the other where nitrogen
gas was introduced after evacuation and nitrogen
substitution. The former, coke-packed atmosphere,
and the latter, nitrogen atmosphere, are abbreviated
as "CO" and "N.", respectively, as also shown in
Table 1.

Using the fired bodies prepared in two different
atmospheres for each sample, various properties were
evaluated, followed by microstructural observation
using optical microscopy and SEM, and identification
of formed compounds by X-ray diffraction. For the
compositional analysis of the fired bodies, Al,O3 and
SiO;

spectrometry, Al and Si by wet chemical analysis, free

quantified by X-ray fluorescence

were

carbon (Free C) and carbon in crystalline phases
(5.C) according to JIS R 2011, and nitrogen (N) and
oxygen (O) using a LECO ONB836 analyzer,
respectively.

The hydration resistance test was conducted
using an autoclave in accordance with the JSPS
(Japan Society for the Promotion of Science) standard
method. First, the test specimens, which were 40 x
40 x 40 mm cubes, comprising 5 types (A-E) for each
of the two firing atmospheres, totaling 10 types of
sample specimens, were placed in individual 200 mL
hard glass beakers. After measuring their pre-test
weights, all samples were kept stationary in the
autoclave and held at 158 °C for 6 h. After the test,
each sample removed from the autoclave was first
subjected to weight measurement and macro
photography while still in the beaker. After calculating
the weight change (rate) and evaluating the
appearance, specimens for microscopic observation
and XRD were prepared from the samples removed
from the beakers, and the compounds formed by
slaking and changes in internal structure were
investigated by microstructural observation and
X-ray diffraction, respectively.

3 Experimental results and discussion
3+1 Density/porosity and mechanical properties
The evaluation results of various properties for
each sample fired under CO and N; atmospheres are
presented in the lower part of Table 1. Four types of
samples, A to D, to which both Al and Si were applied
in some form, exhibited slightly lower bulk densities
and higher room temperature compressive strengths
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compared to sample E, which had only Al applied,
but were inferior in terms of room temperature and
hot modulus of rupture and elastic modulus.
Furthermore, compared to sample A, which had
metallic Al and Si powders added, the three types of
samples B to D, to which Al-Si alloy and Si powder
were added, exhibited slightly lower compressive
strength, modulus of rupture, and elastic modulus.
Among the three samples B to D, these respective
values showed a tendency to decrease as the Si content
in the added Al-Si alloy increased. Sample E, to
which only metallic Al was added, showed the highest
bulk density, as well as the highest room temperature
and hot modulus of rupture and elastic modulus.

Comparing the influence of firing atmosphere,
for all samples A to E, firing in N, atmosphere
resulted in slightly higher bulk density (lower
apparent porosity) than firing in CO atmosphere.
Furthermore, sample A, which had both metallic Al
and Si added, and sample E, which had only metallic
Al added, exhibited higher strength and elastic
modulus when fired in CO atmosphere than in N,
atmosphere. In contrast, for the three samples B to D,
to which Al-Sialloy and Si were added, the differences
in strength properties due to the firing atmosphere
were negligible.

These differences in density/porosity and
mechanical properties among the fired bodies were
considered to originate from variations in
microstructure formed by the Al and Si components,
which generated compounds such as carbides,

nitrides, and oxides during the firing process.

32 Microstructural observation
the reflected light
micrographs of samples A, B, D, and E after firing. In

Figure 1 illustrates
sample A, to which both metallic Al and Si were
added, remnants of spherical molten Aland unreacted
Si particles that remained solid at the firing
temperature of 1200 “C (melting point of Si is above
1400 C) were observed, along with compounds
presumed to be SiC, formed by the reaction between
the Al-Si alloy liquid phase (resulting from eutectic
reaction between some Si and adjacent Al particles)
and carbon. Subsequently, in samples B and D, to
which Al-Si alloy and Si powder were added, reaction
traces as spherical voids and compound particles with
diameters of 5-50 pm, believed to be SiC formed by
the reaction between the Al-Si alloy liquid phase
(generated by eutectic reaction, similar to sample A)
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Fig. 1 Optical micrographs with both low and high magnifications of samples A, B, D, and E fired at

1200 °C in CO and N gas atmospheres.
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and carbon, were observed within or around them.
The amount of these particles was greater than in
sample A, and the residual unreacted Si particles were
fewer than in sample A. This was considered to be
because adding Al and Si as an Al-Si alloy more
readily forms a liquid phase through eutectic reaction
than adding them individually, thus promoting the
Si reaction more actively in samples B and D, which
generated a larger amount of liquid phase even at the
same firing temperature compared to sample A.
Furthermore, in the microstructures of the fired
bodies of samples B and D, scarcely any difference
was observed between the N, and CO firing
atmospheres. For sample E, to which only metallic Al
was added, in fired bodies from both atmospheres,
molten metallic Al, breaking through the spherical
shells (remnants) of compounds (carbides) formed by
reaction at the outermost surface of initially melted
and spherical Al particles, exuded around the shells,
mainly forming compounds believed to be ALCs.
The interior of the spherical shells became voids due
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to Al exudation, or in some cases, remnants of
unreacted Al were also observed. Among the
microstructures formed by such reactions, strong
linkages of compounds believed to be Al:C; were
observed around the shells, similar to those reported

in previous studies ¥

, suggesting their contribution
to the improvement of mechanical properties.
Regarding the influence of the firing atmosphere, the
reaction of metallic Al with its surroundings, as
described above, generally proceeded more actively in
the N, atmosphere than in the CO atmosphere.

Figure 2(a) and (b) show the SEM images
(BEI) of the microstructures and their EPMA element
mappings for samples A, B, D, and E, respectively,
for firing in CO (a) and N, (b) atmospheres. In
sample A, to which metallic Al and Si powders were
added, Al was distributed at high concentrations
within and around the molten Al traces, and a high
concentration of Si distribution was also observed. A
small amount of unreacted Si particles and unreacted
molten Al were also present. Around the traces of the
Al-Si alloy liquid phase formed by Al and Si contact,
the concentrations of Al and Si decreased and
overlapped with elements such as N, C, and O,
suggesting that reactions between these elements and
the liquid phase formed carbides such as SiC, as well
as nitrides and oxides.

Samples B and D, to which Al-Si alloy and Si
were added, were considered to have formed
compounds such as carbides (e.g., SiC), nitrides, and
oxides within or around the spherical molten reaction
traces of the Al-Si alloy. Compared to sample A, both
samples B and D had fewer unreacted Si particles,
indicating that adding Al-Si as an alloy more readily
forms a low-melting-point Al-Si eutectic alloy that
becomes a liquid phase at the firing temperature,
thereby promoting more active reactions during
firing. Moreover, the reaction of Al and Si proceeded
somewhat more in the N, atmosphere than in the
CO atmosphere, and a larger distribution area of N,
was observed.

For sample E, to which only metallic Al was
added, in fired bodies from both atmospheres, high
concentrations of Al, which appeared to have melted
during firing but remained unreacted, were
distributed in the center of the SEM images. Near
their surfaces, a decrease in Al concentration was
observed, and this overlapped with the distribution
of elements such as N, C, and O, suggesting the
formation of carbides such as Al4,Cj, as well as nitrides
and oxides.

- 112 -



EPMA element mappin
BEI Pping

(a)

EPMA element mapping
C

(b) 50 ym

Fig. 2 EPMA element mapping results of the samples A, B, D, and E fired at 1200 °C in both CO (a) and
N: (b) gas atmospheres, respectively.
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3+3 Identification of compound phases formed by
firing

The X-ray diffraction patterns of the fired
bodies in the 26 range of 15-50° are shown in Fig. 3
for samples A to E, separately for CO and N firing
atmospheres. In sample A (with metallic Al and Si
powders added) and samples B, C, and D (with Al-Si
alloy and Si powder added), the formation of Al«C;
was scarcely observed, while the formation of small
amounts of ALOC-AIN-based compounds and AIN
was confirmed. Furthermore, the formation of SiC
was observed in samples A to D. Since the diffraction
peak intensity of SiC was higher in B-D compared to
sample A, it was considered that a larger amount of
SiC was formed. Moreover, in samples B-D, as the Si
content in the added Al-Si alloy increased, the
diffraction peak intensity of SiC became higher,
while that of Si (unreacted residue) particles became
lower, indicating that the Si reaction was more active
and a larger amount of SiC was generated. Moreover,
in samples B-D, as the Si content in the added Al-Si
alloy increased, the diffraction peak intensity of SiC
became higher, while that of Si (unreacted residue)
particles became lower, indicating that the Si reaction
was more active and a larger amount of SiC was
generated. Furthermore, when comparing the firing
atmospheres, the N, atmosphere tended to show
lower diffraction peak intensities for Si and $-ALOs,
indicating differences in compound formation
behavior depending on the firing atmosphere.

Next, sample E, to which only metallic Al was

‘ T T mo :
I [@ Corundum © Al,OC O siC
Fired in CO gas Magnified [0 B-AlL,0; ®Al;0,CO AIN
@ AlLOC-AIN ®Si ¥ Boehmite]
Al

W AlyCy
[]

migiQjmix>

Intensity / a.u.

Fig. 3 XRD pattern of samples A to E fired at 1200 °C in CO and N gas atmospheres.
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added, showed the formation of AliCs, ALOC-AIN-
based compounds, and AIN in both CO and N,
firing atmospheres. The diffraction peak intensity of
ALC; was almost the same in both CO and N,
atmospheres, but the N, atmosphere showed higher
diffraction peak intensities for Al,OC-AIN-based
compounds and AIN, indicating a larger amount of
nitrogen compound formation.

3-4 Compositional analysis of fired bodies

Figure 4 summarizes the analytical results for
each of samples A to E, fired in CO and N,
atmospheres, presenting the contents of N, Al, and Si
(upper panels (a)-(c)) and the amounts of Free C,
S.C, and total carbon (Total C) (lower panels (d)-(f))
as bar graphs.

From Fig. 4(a), it was shown that for all
samples, firing in the N, atmosphere resulted in a
higher nitrogen content than firing in the CO
atmosphere. Fig. 4(b) revealed that in samples A to
D, where both Al and Si were added, the residual
amount of unreacted metallic Al was significantly
less than in sample E, to which only Al was added.
From Fig. 4(c), when both Al and Si were added, a
tendency for the unreacted residual ratio to decrease
was observed when they were added as an Al-Si alloy
compared to adding them individually (sample A).
Furthermore, as the Si content in the added Al-Si
alloy increased (sample D had the most), the amount
of unreacted residual Si decreased, and this amount
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Fig. 4 Comparison of analyzed gas components, N (a), Al (b), Si (c), and composed carbon contents (d),
(e), (f) in the samples A to E fired at 1200 “C in CO and N gas atmospheres.
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was lower for both Al and Si in the N, atmosphere.
The results shown in Fig. 4(d) indicated that for all
samples, firing in CO atmosphere resulted in a larger
amount of Free C formation, which was considered
to be due to the reaction of added Al and Si with CO.
The results in Fig. 4(e) showed that samples A to D,
to which both Al and Si were added, generated more
S.C than sample E, to which only Al was added.
Furthermore, samples B to D, to which Si and Al-Si
alloy were added, generated more S.C than sample A,
to which Al and Si were individually added. This
supported the fact that applying an Al-Si alloy more
readily forms a larger amount of eutectic alloy with a
melting point lower than the respective melting
points of Al and Si. The large amount of SiC formation
in samples B to D, which generated a large amount of
eutectic alloy, was also confirmed by the XRD results
shown in Fig. 3. Therefore, it is more reasonable to
consider that the SiC formed here resulted from a
more active liquid-solid reaction than from the
carbonization of Si via a gas-phase reaction. This is
because the Al-Si eutectic alloy becomes a liquid
phase at a temperature far lower than the firing
temperature of 1200 °C, and the Si component in the
liquid alloy is considered to react actively with carbon.
This indicates that samples undergoing more active
firing reactions, due to easier liquid phase formation
during firing, generated a larger amount of S.C.
Figure 4(f) shows the total carbon (Total C) amount,
which is the sum of Free C (shown in (d)) and S.C
(shown in (e)), representing the activity of the firing
reaction. While the Total C was almost equivalent for
samples A to D, sample E showed a result
approximately 30 % lower than these.

35 Evaluation of hydration resistance
3:5:1 Autoclave test

The post-test macroscopic photographs, weight
changes, macrostructures, and evaluation results for
each of the samples A to E, as removed from the
beaker, are presented in Fig. 5, displayed with CO
(upper) and N, (lower) firing atmospheres,
respectively. Sample A, to which metallic Al and Si
powders were added, and samples B to D, to which
Al-Si alloy and Si powder were added, all showed no
cracks or other changes in appearance. For samples A
to D, an increase of approximately 0.8-1.1 % in
weight was observed in both firing atmospheres. This
was considered to be due to the slight formation of
hydroxides via hydration reaction from small amounts
of compounds such as AliC; and AIN generated
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Fig. 5 Appearance in the beaker, macrostructure, and weight change after autoclave test of samples A to

E fired in both CO and N: gas atmospheres, indicating also the results as remarks.
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during firing, as also mentioned in our previous
reports > ¥. Among these, for samples B to D, to
which Al-Si alloy was added, the extent of weight
increase decreased as the Si content of the Al-Si alloy
increased. Sample E, to which only metallic Al was
added, showed an approximate 4 % weight increase
due to hydration reaction in both CO and N; firing
atmospheres, and the test specimens in the beaker
were observed to have disintegrated into small
particles due to slaking, resulting in an increased
bulk volume.

3:5:2 Microstructural observation and X-ray
diffraction after the test

Figure 6 presents the optical micrographs of
samples A, B, D, and E after the autoclave test,
displayed in upper and lower rows for CO and N,
atmospheres, respectively. In each row, a low-
magnification image is shown at the top, and a high-
magnification image of the red-framed area within it
is shown at the bottom.

Figure 7(a) and (b) likewise show the SEM
images (BEI) of the microstructures and their EPMA
element mappings after the autoclave test for samples
A, B, D, and E, for CO and N, atmosphere firing,
respectively. For samples A to D, to which both Al
and Si were added, and fired in both atmospheres,
hydration-resistant compounds primarily composed
of SiC (formed by liquid-solid reaction between the
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Fig. 6 Optical micrographs with both low and high magnifications after hydration test of samples A, B,
D, and E fired at 1200 °C in CO and N: gas atmospheres.
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Al-Si eutectic alloy liquid phase, generated during
firing as described above, and its surroundings)
remained, and these samples were thus thought to
have escaped slaking. Furthermore, sample E, to
which only metallic Al was added, disintegrated into
small particles due to slaking, and alumina fine
particles that had become single particles, as well as
particles of molten unreacted Al, were observed.
Additionally, block-like microstructures, where Al
particles reacted to form shell-like structures around
them and became hollow inside, were sporadically
observed, but cracks were also seen in these shell-like
structures. It was considered that high mechanical
properties were imparted by the strong linkages of
the shell-like structures composed of compounds
such as Al«Cs, which exuded and reacted on the
surface layer of spherical molten Al traces. However,
it was also considered that during the autoclave test,
the components of these shell-like structures (e.g.,
Al:Cs) underwent hydration and decomposition,
leading to the slaking phenomenon where the
microstructure disintegrated.
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Fig. 7 EPMA element mapping result after autoclave test of the samples A, B, D, and E fired at 1200 °C
in both CO (a) and N: (b)gas atmospheres, respectively.
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Fig. 8 XRD pattern after autoclave test of samples A to E fired at 1200 °C in CO and N; gas

atmospheres.
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The XRD patterns of all samples A to E after
the autoclave test are shown in Fig. 8, with CO
(upper) and N (lower) atmosphere firing, respectively.
For both sample A (with metallic Al and Si powders
added) and samples B to D (with Al-Si alloy and Si
powder added), fired in both atmospheres, a slight
decrease in the diffraction peak intensity of the
AL, OC-AIN phase and the formation of a boechmite
phase were confirmed. However, for the main formed
compound SiC, the diffraction peak intensity was
lowest in sample A, while both B and C showed
almost similar intensities, approximately three times
higher than A, and D was even higher, about four
times that of A. Next, sample E, to which only Al was
added, showed a significant decrease in the diffraction
peak intensities of compounds such as Al:C; and
AL, OC-AIN formed during firing. The formation of
a boehmite phase (Al.O3-H20) due to hydration
reaction was confirmed, and severe slaking was
believed to have occurred.

36 Effect of Al and Si addition on firing reaction
products

In a study ? that investigated the improvement
of fired body properties by adding metallic Al to
MgO-C materials, which are carbon-containing
refractories, it was reported that the formation of
ALCs via liquid-solid reaction between molten Al
and surrounding carbon during firing contributed to
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the improvement of the mechanical properties of the
fired body. That study described that improved
strength was imparted by the strong linkages of the
AlLC; shell-like structures formed on the surface layer
of the molten and spherical Al. In the ALO;-C
materials in this study, a similar improvement in
mechanical properties due to metallic Al addition
through a comparable mechanism has been observed.
However, when Si is added along with Al, an Al-Si
eutectic alloy that co-melts at 577 °C (lower than Al's
melting point of 667 C) is formed during firing, and
the formation of SiC via liquid-solid reaction between
Si in the liquid phase and surrounding carbon is
considered to occur preferentially. Furthermore,
compared to adding powders of both metals with an
Al: Si ratio of 1:1, adding an Al-Si alloy and metallic
Si powder, and particularly adding an Al-Si alloy
with a higher Si content, promoted a more active Si
reaction and enhanced SiC formation, which was
confirmed by the XRD results shown in Fig. 3.
However, as shown in Table 1, the formation of SiC
not only did not contribute to the improvement of
mechanical properties but also, within a narrow
range, showed a slight tendency for strength reduction
with an increase in the amount of added Si as an Al-
Si alloy. This was considered to be due to the decrease
in AlsC; formation as the amount of SiC formation
increased. In the evaluation of slaking resistance by
autoclave, as shown in Fig. 5, with 5 mass% Si
addition, a lower weight increase rate was observed
with a higher amount of Si added as an Al-Si alloy,
indicating that the formation of compounds such as
AlLCs that cause weight gain due to hydration was
reduced. Meanwhile, a tendency for slightly more
SiC to be formed was observed.

In systems where only Si powder was added to
AL O;3-C materials, it has been reported '” that
compounds such as SiC and SiO; are formed by the
reaction of Si with its surroundings during firing, and
the higher their amount, the higher the strength.
When the firing temperature is below the melting
point of metallic Si (1414 °C), these compounds are
considered to form via solid-gas reactions and
contribute to strength improvement through
mechanisms such as fiber reinforcement or inhibition
of crack propagation by growing as whisker-like
needle crystals.
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3+7 Thermodynamic considerations of potential
reactions during firing

Observing the reaction products from firing,
samples B to D (with both Al and Si added) and
sample E (with only metallic Al added) all showed a
tendency for a larger amount of nitrogen-containing
compounds, such as those of Al OC-AIN-based and
AIN, to form when fired in an N, atmosphere. This
indicates that different compounds are formed not
only by the reaction between the molten Al-Si eutectic
alloy and carbon (liquid-solid reaction) but also by
the reaction with the atmosphere (N./CO) (liquid-
gas reaction).

Therefore, the of

compounds via reactions of Al and Si with carbon

assuming formation
(liquid-solid reaction) and with the gas phase (Na/
CO) (liquid-gas reaction), possible reactions in the
Al-O-C-N and Si-O-C-N systems under CO and N,
atmospheres were thermodynamically investigated
below. For these calculations, thermodynamic data
published by JANAF and data from references ''?
were used. Assuming that all Al and Si added in the
system formed Al-Si alloys, calculations were
performed with [Al] = 0.509 mass% and [Si] = 0.491

mass%.

3+7°1 Firing reactions in a CO atmosphere

(py»=0.65, p.,=0.35)

Spherical Al particles (melting point 667 C)
added to the carbon-containing refractories react
with their surroundings at the outermost surface,
which melts at the firing temperature of 1200 °C,
forming some Al compound (carbide) layer. However,
the interior is still filled with molten metallic Al,
which then breaks through this surface compound
film and exudes into the surroundings, further
reacting with carbon to form AlCs(s) as shown in
equation (1). These are considered to form AlLCs(s)
phases, which are spherical shell-like structures on
the surface of the original Al particles, and linkages
where Al exuded from these shells connect with other
shell-like structures, through reactions like (1).

Al(D) + 3/4 C(s) = 1/4 ALC5(s) 1)

Furthermore, the exuded Al is considered to
react with the atmosphere (N2/CO) during firing,
and AIN(s)
equations (2) and (3), respectively.

Al(l) + 3/2 CO(g) = 1/2 ALLOs(s) + 3/2C(s)  (2)
Al(l) + 1/2 Na(g) = AIN(s) 3)

(As aresult of calculating the Gibbs free energy

change (AG) for equations (1), (2), and (3) in the

generating AL Os(s)

according to
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WATH B ALSI AT St RO %
EROBLT, (4) RTRTRIBIC XY B 112%
57 SIC AT %,

Si(l) + C(s) = SiC(s) (4)

F72, WA O SEIZBERURE O A& (N2/CO)
L, (5) BLU(6) IR TRIGRIZED,
SiO2(s) B LU SizNu(s) # FNZNAERTHEE R
5N 5o

Si(l) + 2 CO(g) = SiOs(s) + 2 C(s) (5)
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coke-packed firing atmosphere, it was found that
these values were negative in the temperature range
of 1400-1600 K (1127-1327 °C) as shown in Fig. 9(a).
Therefore, at the firing temperature of 1200 °C
(1473 K), these reactions (1) to (3) proceed
spontaneously. In firing under a CO atmosphere, it
was found that the reaction in (2), which had the
lowest AG, was the most likely to proceed. However,
since the formation of AIN(s) and Al«Cs(s) was also
confirmed in the CO atmosphere, it was presumed
that they were locally formed as metastable phases.

The Si in the Al-Si alloy and Si particles in
contact with Al(l) have a eutectic point at 577 “C with
a composition of Al-12.6 mass% Si, becoming a
liquid phase above this temperature. Furthermore,
the melting point of Si is 1414 °C; therefore, Si
particles not in contact with Al remain in the solid
phase at the firing temperature. The Si component in
the liquid Al-Si alloy then reacts with the surrounding
carbon to form thermodynamically stable SiC via the
reaction shown in equation (4).

Si(D) + C(s) = SiC(s) (4)

Additionally, Si in the liquid phase comes into
contact with the atmosphere (N»/CO) during firing,
and is considered to generate SiOa(s) and SisNa(s)
according to the reactions shown in (5) and (6),

respectively.
Si(l) + 2 CO(g) = SiO02(s) + 2 C(s) (5)
Si(l) + 2/3 Na(g) =1/3 SizNa(s) (6)

As a result of calculating the Gibbs free energy
change (AG) for equations (4), (5), and (6) in the
coke-packed firing atmosphere, it was found that
these values were negative in the temperature range
of 1400-1600 K (1127-1327 °C) as shown in Fig. 9(b).
Therefore, at the firing temperature of 1200 °C
(1473 K), these reactions proceed spontaneously.

In practice, SisN4(s) was not confirmed in the
coke-packed firing atmosphere; instead, the formation
of SiC(s) was observed. Figure 10(a) and (b) show
the calculated Gibbs free energy changes when 1
mole of N2 and CO, respectively, react for equations
(2) (x2/3) and (5) (x1/2), and for equations (3) (x2)
and (6) (x3/2). It can be understood that when CO
contacts the liquid Al-Si eutectic alloy during firing,
ALO:s is highly likely to form preferentially, and
when N, contacts it, AIN is highly likely to form
preferentially. Furthermore, the reason for the non-
formation of SizN4(s) as shown in equation (6) was
considered to be that the AG for the formation of
AIN(s) was considerably lower than that for SizNy(s),
leading to a preferential progression of the AIN
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Fig. 9 Free energy, AG-temperature diagram for reactions (1) to (3)(a) and reactions (4) to (6)(b) in
the temperature range from 1400 to 1600 K (1127 to 1327 °C).
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Fig. 10 Free energy, AG-temperature diagram for reactions (5)x1/2 and (2)x2/3 (a) and reactions
(6)x3/2 and (3)x2 (b) in the temperature range from 1400 to 1600 K (1127 to 1327 °C).
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372 Firing reactions in an N, atmosphere

(prn2=1)

Similar to the case of the CO atmosphere
mentioned above, Al particles melt under high-
temperature conditions exceeding their melting point
(667 °C) and exude around the particles, leading to
the progression of reactions (1) and (3), which are
considered to form AlsCs(s) or AIN(s). As a result of
calculating the Gibbs free energy change (AG) for
both equations in the N, firing atmosphere, it was
found that these values were negative in the
temperature range of 1400-1600 K, as shown in
Fig. 11(a), indicating that these reactions proceed
spontaneously. It was found that in the case of firing
in N, atmosphere, the formation reaction (3) was the
most likely to proceed.

Si contained in the Al-Si alloy or Si particles in
contact with Al(l) undergo eutectic melting at
temperatures above 577 °C, and are considered to
form SiC(s) and SisN4(s) via the reactions (4) and (6),
respectively. As a result of calculating the Gibbs free
energy change (AG) for these reactions in the N,
firing atmosphere, it was found that these values were
negative in the temperature range of 1400-1600 K, as
shown in Fig. 11(b), indicating that these reactions
proceed spontaneously. It was found that in the case
of firing in N atmosphere, the formation reaction (6)
was the most likely to proceed.

In the coke-packed firing atmosphere, the
formation of SisNi(s) was not confirmed; only the
formation of SiC(s) was observed. Figure 10(b)

0
@ B
(1) AUY + 3/4C(s) = 1/aALC(s) | ___. (4)_SiW + Cls) = Sic(s) ___|
00 } b eeeeemmmemTTTTTTT
g (6) Si(l) + 2/3N,(g) = SiN,(s)
i 200 | (3) All) + 1/2N,(g) = AIN(s) |
—
O
4 -300
-400

1400 1450 1500

1550 1600 1400 1450 1500 1550 1600

Temperature /K

Fig. 11 Free energy, AG-temperature diagram for reactions (1) and (3)(a) and reactions (4) and (6)
(b) in the temperature range from 1400 to 1600 K (1127 to 1327 °C).
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shows the calculated Gibbs free energy changes when
1 mole of N reacts in the reactions (3) and (6). Even
in the N, firing atmosphere, it was considered that
SisN4(s) was not formed because the formation
reaction of AIN(s) proceeded preferentially.

4 Conclusions
The present investigation on the effects of Si
addition besides Al on the hydration resistance of

AL O;-C  carbon-containing refractories through

changing density/properties, and firing reaction

product phases with both firing atmospheres of CO
and N3, to which metallic Al, metallic Al and Si
powders (with an Al: Si component ratio of 1:1), and

Al-Si alloys with varying Si contents besides Si

powders were added, can be concluded as follows:

(1) For the composition with 10 mass% Al only, and
for the composition with 5 mass% Al and 5 mass%
Si, the former showed higher values for bulk
density, modulus of rupture, and elastic modulus,
and these values were higher when fired in a CO
atmosphere compared to an N, atmosphere. For
the three compositions comprising 10 mass% Al-
Si alloys with varying Si contents, the bulk
densities were higher when fired in a CO
atmosphere than in an N, atmosphere and
increased slightly with increasing Si content.
These values were roughly equal to or slightly
higher than those of the 5 mass% Al and 5 mass%
Si compositions, but approximately equal to or
slightly lower than those of the Al-only
composition. Conversely, the modulus of rupture
and elastic modulus showed little change with the
firing atmosphere, but their values tended to
decrease as Si content increased. Additionally,
these two properties were lower than the first two
compositions.

(2) Compositions of refractories with only Al addition,
formed compounds such as AlsCs, ALOC-AIN-
based, and AIN in both CO and N firing
atmospheres; among these, the latter two
compounds formed in larger amounts in the N,
atmosphere. All compositions with both Al and Si
formed SiC in both CO and N: firing atmospheres.
The amount of formed SiC increased in
compositions with the addition of both Al-Si alloy
and Si powder, and the Si reaction proceeded
more actively, forming a larger amount of SiC
with increasing Si content in the Al-Si alloy.

(3) In the autoclave test, the composition with only
Al added severely slaked and disintegrated into
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and F. Cambier: J. Eur. Ceram. Soc., 19,
2781-2787 (1999).

12)H. X. Willems, M.M.R.M. Hendrix, R.

powder. Posttest X-ray diffraction patterns
showed the formation of boehmite, with a
significant weakening in the peak intensities of
AlLCs; and ALOC-AIN. In contrast, all fired
bodies with both Al and Si added did not slake.
Among these, it was not possible to determine
which had superior hydration resistance in those
with Al and Si powders added, and those with Al-
Si alloy and Si powder added. However, in the
latter case (Al-Si alloy and Si powder added), the
weight gain after the test decreased as the Si
content in the Al-Si alloy increased, suggesting a
tendency towards superior hydration resistance.
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