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refractory
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The corrosion and infiltration of refractory by chemical waste liquid rich in alkali ions such as potassium and sodi-
um are the main cause of material damage. Their service life varies with the material systems. In this work, three
kinds of aluminum-silicon refractories were prepared by using alumina, mullite, andalusite and clay as raw materials. Static
crucible method was used to carry out alkali corrosion test at 900 °C, and Na,CO; was used as corrosive agent. The phases
and microstructures of the residual crucibles were examined by means of X-ray diffraction (XRD) and scanning electron
microscope (SEM). The wetting process of molten Na,CO; on refractory was detected by high temperature contact angle
measurement system. The corrosion and infiltration resistance of refractories were discussed based on their wettability. The
results show that corundum-mullite system has weak ability to resist corrosion and infiltration of the molten Na,CO; By
contrast, high-purity mullite system has better performance. The mullite transformed from andalusite can improve its infil-
tration resistance. The infiltration of molten Na,CO; into refractory is related to its wetting ability, they both determine the
damage degree of refractories.
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Introduction stronger the wetting ability on the refractories [12, 13].
The spreading rate of the non-saturated slag was faster
In China, a large amount of waste liquid was than that of the saturated slag due to convection [14].
produced in chemical and pharmaceutical industries Some methods were also used to improve corrosion
annually, which usually contains a certain amount of resistance of refractory, for example, introducing some
alkali ions such as potassium and sodium. The high materials with good anti-corrosion, which are usually
temperature treatment in furnaces lined with aluminum- considered factors including porosity, particle size, phase
silicon refractories is a common harmless treatment composition and so on [15, 16], or additives to enhance
method [1]. Waste liquid containing sodium and viscosity of the product and to prevent infiltration [17-
potassium severely corrode surface of the refractory [2]. 20]. In addition, avoiding rapid temperature changes
Meanwhile, it can infiltrate into interior of refractory during production to prevent the formation of cracks
along pores and destroy internal structure, results in can also effectively prevent penetration.
internal structural damage. So, more attention has The infiltration of waste liquid into interior of
been paid to the research of the alkali corrosion. the refractory is the main cause of material damage.
Current researches involve many aspects, such as the The dense structure is beneficial for resisting liquid
formation and transformation of corrosion products infiltration, but it's not the key factor. In our work,
[3, 4], the mechanism of degradation, phase diagram we found that cordierite with ~8% porosity has poor
analysis of corrosion reaction, thermodynamic and Na,CO; melt infiltration resistance than mullite with
kinetic calculation [5-9]. Studies on wettability and ~20% porosity at 900 °C, material systems play a great
corrosivity show that the alkali slag can penetrates role in this process. The wettability of melt on refractory
into the refractories through grain boundary and the also influences its infiltration. In this work, three kinds
channels formed by the dissolution reaction, the formed of aluminum-silicon refractories were prepared, which
new phases may hinder penetration during the process involves corundum-mullite system and high-purity
[10, 11]. The good wettability and the dissolution of mullite system. Na,CO; was used as corrosive agent
refractories to alkali are the main reasons for the damage to carry out alkali corrosion test. The wettability of
of refractories. The lower the viscosity of the slag, the molten Na,COs; on the refractory was examined, and

its influence on the infiltration was discussed.
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Table 1. Chemical compositions of raw materials.

) wt.%
Raw material - -
ALO; SiO, CaO Fe,Os MgO KO Na,O TiO, Lg-Loss
Mullite 71.56 27.71 / 0.17 / 0.05 0.15 0.18 -
Andalusite 53.34 40.13 0.23 1.34 0.20 1.35 0.55 1.28 -
Clay 39.03 50.36 0.15 0.54 0.14 0.68 / 0.51 8.58

Table 2. The experimental formulation.

Gt H# M#

Tabular corundum (1-0.1mm) 50 50 /
Mullite (1-0.1 mm) / / 50

(-325 mesh) 35 20 20
Andalusite (-325 mesh) / 22 22
Clay (-325 mesh) 15 8 8

Experimental Procedures

Raw materials and specimen preparation

Tabular corundum (AL,03>99.5%), mullite, andalusite
and clay were used as the raw materials; their chemical
compositions were shown in Table 1. Polyvinyl
alcohol solution (1:150 wt.%) was used as binder.
The experimental formulation was given in Table 2;
the prepared specimens were labeled as G#, H# and
M#, respectively. The AlLO; contents in their matrixes
were calculated and controlled to be ~60 wt.%. Among
them, G# and H# specimens belong to aluminum-silicon
system, H# contains andalusite, while G# does not. M#
belongs to high-purity mullite system.

The bricks with shape of 25%25x125 mm, and the
crucibles with shape of @60x50mm (inner hole is
¢25%32 mm) were made by semi-dry pressure forming
(150 MPa). Subsequently, all specimens were dried at
110 °C for 24 h and then sintered at 1550-1620 °C for
3 h. The porosities of the obtained G#, H# and M#
specimens were 20.4%, 19.2% and 18.5%, respectively.
The flexural strengths were 19.63 MPa, 20.82 MPa and
20.36 MPa, respectively.

Properties examination

The apparent porosity of the specimens was tested by
Archimedes method, the flexural strength was measured
by three-point bending method. Static crucible method
was used to carry out alkali corrosion test. The crucibles
were filled with 30% (vol) Na,CO; powder, then placed
in furnace and treated at 900 °C for 1 hour. According
to the calculation method described in references [21]
and [22], we calculated that the surface tension (c) of
Na,CO; melt is 0.21 N'm™, the viscosity (1) is 2.28
mPa-s at 900 °C. So, it has good fluidity and is suitable
for this experiment. After corrosion test, the crucibles
were cooled naturally, and then symmetrically cut into

two pieces along the centerline. Their appearances were
observed visually. The microstructures of the crucibles
before and after tests were analyzed by SEM (FEI,
INSPECT F50, PHILIPS). X-ray diffractometer (Model
D8 ADVANCE, BRUKER, Germany) was used to
analyze phase compositions, the scanning range was
5-90°. The high temperature vacuum contact angle
measurement system (SCI-1700) was used to measure
the contact angles of Na,CO; melt on refractory during
continually rising temperature. The pictures were taken
to measure the contact angles of Na,CO; melt, the
obtained value was taken as the instantaneous contact
angles at this temperature and to evaluate its wettability.

Results and Discussion

The appearance of crucibles after corrosion test

The appearance and longitudinal section of the
crucibles after corrosion test are shown in Fig. 1. The
Gt crucible shows a transverse crack, while the surfaces
of the H# and M# crucible are smooth and intact, no
cracks are found. The longitudinal sections of the
crucibles demonstrate that there is no alkali residue in
G# crucible. While a small amount of residue can be
seen in the H# crucible, it is attached to the bottom of
the inner hole. There is more residue is found in M#
crucible, it is not adhered to the bottom and side wall
of the crucible (inner surface), and can be taken out
easily. According to the residual amount, M# crucible
shows the best alkali infiltration resistance, followed by
H# crucible, G# crucible is the worst.

Phase analysis

The inner surfaces of the wall and bottom of G#,
H# and M# crucibles were scraped by knife (sampling
position can be seen in Fig. 1), the acquired powders
were characterized by X-ray diffractometer. Their
XRD diffraction patterns were shown in Fig. 2. The
corundum and mullite can be found in all specimens
after indexing. In addition, a sharp nepheline diffraction
peak (NaAlSiO,) was found in the XRD patterns of G#
sample, indicating that more NaAlSiOs was produced
during the reaction process. The NaAlSiO, was also
found in the XRD patterns of H# sample, but it is
weak, indicating that the generated NaAlSiO, is less.
No NaAlSiO, was also found in the XRD patterns of
M# sample. Above analysis indicates that the corrosion
reaction is the weakest between Na,CO; melt and M#
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Fig. 1. The appearance and longitudinal section of the crucibles after alkali corrosion experiment.
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Fig. 2. XRD patterns of the interface layers of G#, H# and M#.

specimen, but is the strongest between Na,CO; melt
and G# specimen.

For samples taken from the bottom area (~2 mm
down from the bottom interface, named as permeable
layer) of G#, H#, and M# crucibles, their XRD patterns
are shown in Fig. 3. It displays characteristic diffraction
peaks of NaAlSiO, in the G# crucible, its intensity
is weaker than that of the interface layer (as seen in
Fig. 2). It indicates that the Na,CO; melt has infiltrated
into the G# crucibles and corrode its interior. While in
the H# and M# samples, NaAlSiO, diffraction peak is
hardly visible. It can be concluded that the infiltration
and corrosive reaction in H# and M# crucibles are low,
especially for M# crucibles. This conclusion is consistent
with the analysis of Fig. 1.

Based above XRD analysis, the possible corrosion
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Fig. 3. XRD patterns of penetration area.

reactions are shown as the following equations:

N32CO3(1) +A168i2013(s)—>NaAlSiO4(s)+A1203(s)+COZ(g) (1)

Na,CO3(1)+ALOs(s)+2Si0x(s)—>NaAlSiOLs)+CO, (g)  (2)

Microstructure changes

The microstructures of the G#, H# and M# crucible
before and after corrosive test were respectively
observed. Their micro morphologies were shown in Fig.
4. The observation positions are about 1 mm form the
bottom interface of corroded crucibles.

The original brick layer (G,) of G# crucible is well
sintered, there exist a number of irregular pores, most of
them are slit, and a few are round holes. The permeable
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Fig. 4. (a) Original brick layer and (b) permeable layer of the sample.

layer (Gy) shows a large number of loose residues, which
should be NaAlSiO4 produced from chemical reaction
between G# specimen and infiltrated Na,CO; melt.
The original brick layer (H,) of H# crucible is also
well sintered, there are no obvious pores can be found
in matrix. The permeable layer (H,) shows a small
amount of loose residue adhering to the matrix, which
should be NaAlSiO4 produced from chemical reaction
between H# specimen and infiltrated Na,CO; melt.
The original brick layer (M,) of M# crucible has a

(a) (b)
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dense structure, there are a small number of irregular
pores. The permeable layer (M) shows clear structural
profile, some pores are distributed in the matrix, no
residues are found. Based on the above analysis, it
can be concluded that Na,CO; melt cannot infiltrate
in interior of the M# crucible, so no corrosion product
is present.

Based on above analysis, Na,CO; melt infiltrates
into G# crucible significantly, results in more corrosion
products; there is a slight infiltration and corrosion
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Fig. 5. Wetting process of Na,CO; on the refractory during temperature rise.
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Fig. 6. Spreading of Na,CO; melts on G#, H# and M# substrates.

reaction in the H# crucible; Na,CO; melt does not
infiltrate into M# crucible.

Analysis

With the increase of temperature, the Na,CO; on
the refractory will undergo a process of melting-
wetting-surface corrosion-infiltration-internal corrosion,
and finally reaches a stable state. The process can be
described as in Fig. 5.

When the NaAISiOs was produced during the
chemical reaction between Na,CO; and refractory, its
volume expansion is greater than 20% [23, 24]. When
the reaction occurs on the surface of the refractory,
the damage caused by volume expansion is small, but
if it occurs inside the material, it will cause serious
damage to the internal structure. The above results have
indicated that Na,CO; melt was easily to infiltrate into
the G# crucible and promoted corrosion reaction, the
generated NaAlSiO4 results in crucible damage. In
contrast, the infiltration of the Na,CO; melt into the
M# and H# crucibles is relatively difficult, and the
generated NaAlSiO; is less, no cracks were found in
M# and H# crucibles. So, the damage of crucibles is
related to infiltration of Na,CO; melt, and it can be
evaluated by different wetting abilities of G#, H# and
M# specimens.

Fig. 6 shows the morphological changes of Na,CO;
cylinder on G#, H# and M# substrate under increasing
temperature. It shows that before 851 °C (T.), three
Na,CO; cylinders gradually shrink and deform, they
demonstrate similar morphological changes. As the
temperature increases above 851 °C, they begin to melt
and quickly change to spherical shape, then spread on
refractory substrates. It can be seen that the spreading
of Na,COs; melt is the fastest on G# substrate, but is the
slowest on M# substrate. The contact angles calculated
based on their shapes, as well as their changes are
shown in Fig. 7. At the same temperature, the contact
angle of Na,COs; melt on G# substrate is the smallest;
it indicates its wettability is higher. The contact angle of
Na,CO; melt on M# substrates is the largest; it indicates
its wettability is the lowest.

The infiltration of Na,CO; melt into the interior of
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Fig. 7. Contact angles between Na,CO; melt and different
substrates.

refractory is related to its wettability. The smaller the
contact angle, the greater the wettability, and the easier
it is to infiltrate. The infiltration process of Na,CO; melt
along the pores is similar to the capillary phenomenon,
and the driving force of the melt infiltration can be
evaluated by the adsorption pressure AP, as shown in

eq. (3).
AP = 2ccos0/r 3)

Where 7 is the capillary radius, o is the surface tension
and the @ is contact angle.

According to the formula (3), it can be calculated
that the ratio of the AP in G#, H# and M# is about
106:23:1 (assuming pore radius of G#, H# and M# are
equal) at 878 °C, so Na,CO; melt has greater ability
to infiltrate into the G# specimens.

The infiltrating depth and rate of Na,CO; melt into
specimen can be evaluated by formula (4) and formula
(5), respectively [25]:

l=./ratcos@/2n 4)

dl/dt = 24P /8y (5)

Where [ the infiltration depth, # is the liquid viscosity
and ¢ is the time.

According to formula (4) and (5), both the infiltration
depth and rate of Na,CO; melt are closely related to
the contact angle (0). Under the conditions of same
temperature (7), as the contact angle () decreases, the
wettability increases, the depth and rate of infiltration
increases. Based on the analysis in Fig. 6 and Fig. 7,
it can be concluded that Na,CO; melt has the largest
infiltration depth and the fastest infiltration rate into G#
specimen, while the smallest infiltration depth and the
slowest infiltration rate into M# specimen.
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Conclusions

The infiltration of waste liquid into refractory is the
main cause of material damage. The wettability of waste
liquid on refractory influences its infiltration. They both
vary with material systems.

(1) The corundum-mullite system has weak ability to
resist the corrosion and infiltration of molten Na,COs.
By contrast, high purity-mullite system has better
performance. The mullite transformed from andalusite
can improve the infiltration resistance.

(2) The infiltration of molten Na,COs into refractory
is related to its wetting ability, they both determine the
degree of damage to refractory materials.
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